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[■]  Dear  Mr.  Ashley: 


As  the  copyright  holder  for  the  Proceedings  of  the  Annual 
Symposium  on  Frequency  Control,  which  is  sponsored  by  the  U.S.  Army 
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AD  745210 
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the  24th  Edition  (as  above)- and' I  am  enclosing  a  copy  of  the  proceed¬ 
ing  of  the  ?lst  for  your  convenience. 

PTease  supply  price  and  AD  number  information  as  soon  as 
possible  for  inclusion  in  our  34th  Edition  which  is  soon  to  be  re¬ 
leased. 

Sincerely,  _ 

ll  ifx* 


Herbert  J.  Rowe 
Vice  President 
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Victor  L.  Friedrich 

Deputy  for  Communications  and  Target  Acquisition 
Office  of  Assistant  Secretary  of  the  Army  (R&D) 
Washington,  D.C. 


With  this  symposium  having  completed  a  30  year  run  and 
entering  the  4th  decade,  I  would  like  to  commend  the 
Electronics  Technology  and  Devices  Laboratory  of  the 
Electronics  Comnand  at  Fort  Monmouth  for  these  very 
excellent  series  of  annual  symposia  which  they  have  so 
effectively  sponsored.  Having  been  a  member  of  the 
Research  Office  of  the  Electronics  Command  when  the 
symposia  were  started,  I  had  the  opportunity  to  parti¬ 
cipate  in  the  meetings  from  their  inception.  As  many 
of  you  know,  the  meetings  were  held  in  the  Fort  Mon¬ 
mouth  area  until  the  facilities  became  inadequate  due 
to  the  sizeable  partipation  in  the  meetings.  The  dis¬ 
cussions  at  the  early  meetings  centered  largely  on  the 
various  aspects  of  quartz,  including  crystal  cuts, 
aging,  of  electrode  loading,  and,  of  course,  the  field 
of  synthetic  quartz  growth  was  then  in  its  early  phase, 
and  the  papers  and  discussions  dealt  with  experimental 
techniques  for  the  growth  of  quality  synthetic  quartz 
in  laboratory  autoclaves. 

Several  years  ago  I  had  occasion  to  visit  the  Western 
Electric  plant  in  Andover,  Mass.,  where  I  toured  their 
synthetic  quartz  facility.  The  sizeable  underground 
autoclave  installation  and  the  racks  of  synthetically 
grown  quartz  crystals  were  evidence  not  only  of  the 
products  of  the  researchers  but  also  of  thr  'ffective- 
ness  of  the  information  interchange  which  nas  been  ac¬ 
complished  so  extensively  at  these  symposia. 

In  reviewing  this  year's  program  one  finds  that  quartz 
still  occupies  the  attention  of  the  researchers,  but 
its  applications  have  expanded  from  frequency  control 
and  filters  to  many  others,  including  the  very  active 
field  of  surface  acoustic  wave  technology.  This  is  an 
area  in  which  many  diverse  applications  are  emerging, 
not  the  least  of  which  are  the  advances  which  it  is 
creating  in  signal  processing,  and  signal  processing 
in  the  conmunications  and  the  radar  field  is  very 
promising. 

In  the  time  that  I  have,  I  would  like  to  dwell  on  some 
aspects  of  military  communications  electronics  devel¬ 
opment  of  today  and  which  in  part  are  dependaiton  the 
area  of  frequency  control . 

If  we  examine  the  history  of  net  type  radio  develop¬ 
ment,  I  am  referring  now  to  the  VHF/FM  manpack  and 
vehicular  type  radios,  we  need  but  examine  the  radio 
frequency  channel  spacing  to  realize  the  effect  that 
advances  in  technology  have  fostered.  The  early  radios, 
those  of  the  nineteen  forties,  used  100  kHz  channels 
for  FM  communications.  The  next  generation  radios, 
those  of  the  late  fifties  and  still  largely  in  use  to¬ 
day,  employ  50  kHz  channels.  The  improvement  in  fre¬ 
quency  stability  technology  coupled  with  advances  in 
basic  radio  technology  thus  provided  us  with  twice  the 
radio  communication  capacity  over  the  earlier  equip¬ 
ment.  We  are  now  proceeding  with  development  of  the 
next  generation  radio  system.  Once  again  the  radio 
frequency  channel  bandwidth  is  being  halved,  to  25  kHz. 
These  radios  will  transmit  and  receive  conventional 
analogue  FM  voice  communications  and  will  also  communi¬ 
cate  both  digitized  voice  and  data.  Current  frequency 


control  and  frequency  synthesis  technology  is  capable 
of  providing  the  stability  and  frequency  tuning  needs 
for  the  25  kHz  channel  spacing.  However,  as  we  look 
further  into  the  future,  we  find  techniques  which  pro¬ 
mise  to  further  and  substantially  reduce  the  radio 
frequency  channel  bandwidth  needed  for  effective  and 
high  quality  voice  communications.  The  application 
of  sophisticated  coding  and  signal  processing  tech¬ 
niques  promises  these  further  substantial  reductions. 

As  these  techniques  reach  maturity  and  if  hopefully 
they  become  cost  effective,  a  corresponding  need  for 
improved  frequency  standards  for  tactical  systems 
will  become  a  requirement. 

While  decreased  bandwidth  is  a  desirable  goal,  there 
are  several  other  equally  important  goals.  Communi¬ 
cations  under  severe  signal  interference  is  a  chal¬ 
lenging  goal.  Techniques  such  as  rapid  frequency 
hopping,  that  is,  changing  frequency  many  times  each 
second,  by  sending  short  bursts  of  RF  with  each  burst 
being  transmitted  at  a  different  frequency  on  a 
pseudo  random  basis,  or  the  use  of  spread  spectrum 
both  Of  which  require  a  form  of  synchronization  are 
potential  solutions.  These  same  techniques  also  are 
promising,  at  least  to  a  limited  extent,  to  fulfill 
a  second  need,  that  of  concealed  emissions  or  emissions 
with  a  low  probability  of  intercept. 

In  the  area  of  data  transmission,  as  you  know,  there 
is  appreciable  commercial  exploitation  and  application. 
In  the  military  narrow  band  data  is  now  being  trans¬ 
mitted  quite  extensively  and  the  need  for  transmission 
of  broad  band  data  is  increasing.  Methods  for  more 
efficient  and  effective  transmission  of  distributed 
type  multi-channel  information  are  being  explored  with 
time  division  multiple  access  being  given  appreciable 
attention.  In  the  distributed  TDMA  concept  being  ex¬ 
plored  for  military  use  all  users  transmit  on  the  same 
frequency  during  their  time  slot,  which  is,  of  course, 
an  inherent  feature  of  TDMA  systems,  and  thus  the  data 
can  be  directed  to  any  desired  participating  users. 

This  is  of  particular  value  when  data  needs  to  be  dis¬ 
tributed  to  many  users  or  when  a  number  of  users  need 
to  share  or  interchange  data.  Since  the  time  slots 
throughout  such  a  distributed  system  must  be  controlled 
or  time  synchronized  within  reasonable  tolerance,  the 
system  will  also  provide  relative  position  data  among 
the  users,  some  or  all  of  whom  may  be  on  the  move. 

This  offers  several  advantages  sines  each  user  can  de¬ 
termine  his  position  with  respect  to  his  neighboring 
users  or  the  entire  user  community  positions  can  be 
displayed  centrally. 

Another  approach  being  examined  for  multiple  user  trans¬ 
mission  in  military  applications  does  not  require  rigid 
channelization  of  the  time  domain.  In  this  form  of 
communication  the  data  to  be  transmitted  is  packaged 
into  packets,  each  containing  say  u  p  to  several  thou¬ 
sand  bits.  Each  packet  has  a  header  which  contains 
the  address  and  the  routing.  The  communications  sys¬ 
tem  for  tactical  military  applications  would  consist 
of  a  distributed  array  of  radio  repeaters  placed 
through  the  area  of  coverage  so  as  to  overcome  line 
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of  sight  limitations.  No  pre-assigned  time  slots  are 
used,  but  instead,  before  a  packet  is  transmitted,  the 
system  samples  to  determine  if  the  circuit  is  free. 

In  this  way  many  users  with  small  quantity  data  trans¬ 
mission  needs  can  have  access  to  the  system.  As  the 
system  becomes  heavily  loaded,  the  time  to  complete 
an  end  to  end  transmission  may  increase.  However,  the 
system  is  not  limited  to  a  discrete  number  or  to  dedi¬ 
cated  time  slots  and  is  thus  able  to  accommodate  many 
distributed  subscribers. 

In  the  area  of  satellite  communications,  existing  mil¬ 
itary  satellite  systems  dedicate  channel  capacity  to 
pre-assigned  users.  Specific  frequency  slots  are  al¬ 
located  to  each  user  of  the  system.  While  this  pro¬ 
vides  for  high  channel  accessibility  and  availability, 
it  may  however,  result  in  low  duty  factor  per  channel 
and  restricts  the  number  of  users  who  have  access  to 
the  satellite  system. 

Recent  developments  in  satellite  communications  tech¬ 
nology  will  permit  more  efficient  assignment  of  satel¬ 
lite  capacity  through  a  concept  called  Demand  Assigned 
Multiple  Access.  This  concept  will  permit  assignment 
of  satellite  communications  capacity  to  users  as  re¬ 
quired,  and  on  demand  by  sharing  the  time  channels 
with  other  users. 

Looking  at  the  higher  frequencies  we  find  that  the 
millimeter  and  submillimeter  portion  of  the  spectrum 
has  seen  increased  R&D  activity  in  the  past  few  years. 
Applications  in  communications  including  wide  band 
volume  type  communications  for  satellite  use  and  for 
short  haul  terrestrial  "se  and  also  point  to  point 
single  channel  communications  are  being  addressed. 

Also  for  unique  applications,  investigations  are  un¬ 
derway  for  the  use  of  frequencies  in  which  propaga¬ 
tion  attenuation  provides  a  measure  of  communications 
privacy  or  protection  from  intercept.  In  addition, 
high  precision  radars  and  guidance  systems  are  being 
explored  at  these  short  wavelengths  which  can  pro¬ 
vide  highly  accurate  position  and  velocity  data  as 
well  as  imagery  similar  to  that  achieved  with  photo¬ 
graphy.  The  advanced  applications  that  millimeter 
and  submillimeter  wavelengths  promise  are  causing 
increased  componentry  developments  at  these  wave¬ 
lengths.  No  doubt  the  need  for  precision  frequency 
standards  will  become  more  dire  as  further  applica¬ 
tions  in  these  portions  of  the  spectrum  become  re¬ 
ality. 

These  are  some  of  the  technology  areas  we  have  under 
investigation.  The  role  of  electronics  is  an  ever 
expanding  role  in  military  systems  and  the  conduct 
of  military  operations  is  becoming  increasingly  more 
dependent  upon  the  applications  of  advanced  electronic 
technology.  There  is  hardly  a  system,  weapon  or  sup¬ 
porting,  land,  sea,  air  or  space,  that  does  not  depend 
upon  electronics  as  a  key  element  in  its  operation. 

The  effective  and  efficient  utilization  of  the  spec¬ 
trum  for  these  applications  is  a  role  that  has  been 
effectively  accomplished  by  the  frequency  standards 
community  and  we  look  forward  to  your  continuation 
of  these  efforts  to  achieve  even  greater  performance. 
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and 

Jerry  G.  Leach 
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Summary 

Further  developmental  work  has  been  performed  to 
determine  the  suitability  of  the  thermal  transient 
compensated  crystal  cut  (TTC)  for  use  as  a  precision 
frequency  standard. 

Current  investigation  is  concentrated  on  a  10  MHz, 
3rd  overtone  design.  Of  interest  are  data  on  tempera¬ 
ture  characteristics,  frequency-drive  level  dependence, 
’ 2-g 1  tipover  performance,  short  term  stability,  long 
term  aging  and  thermal  transient  performance.  The 
superior  temperature  performance  and  drive  level 
independence  shown  in  one  diopter  contoured  units 
implies  that  oscillator  and  oven  design  can  be  greatly 
simplified  with  no  reduction  in  precision  time  base 
performance. 


Introduction 

The  work  reported  here  on  the  TTC  was  initially 
inspired  by  a  theoretical  prediction  of  an  orientation 
in  quartz  that  was  free  of  thermal  transient  effects, 
the  TS  cut1’2.  After  confirming  experimentally  the 
existence  of  this  cut3,  the  name  was  changed  to  the 
TTC  cut  with  the  concurrence  of  Holland.  Essentially, 
the  same  orientation  was  predicted  for  another  crystal 
cut  that  was  compensated  for  mounting  stresses  and 
electrode  stresses  in  the  plane  of  the  crystal,  the 
SC  cut".  Further  experimental  data5  has  been  presented 
on  the  TTC  cut  which  further  confirms  Holland's 
predictions,  but  still  only  partially  confirms  those 
of  EerNisse. 


General 

The  work  reported  here  was  confined  to  the  develop¬ 
ment  of  a  10  MHz,  3rd  overtone  design  which  is  suitable 
for  high  precision,  oven  controlled  timebases. 

From  previous  work,5  the  orientation,  (yxwl)  21.93°/ 
34.11°,  was  determined  to  be  the  optimum  cut.  All 
crystal  units  are  plano-convex,  15  mm.  in  diameter, 
with  11.4  mm.  electrode  diameter  and  polished  on  both 
major  surfaces  and  edge.  X-ray  orientation  of  the 
finished  unit  Is  better  than  V  of  arc.  Contour  is 
held  to  a  tolerance  of  ±0.05  diopters.  After  fabrica¬ 
tion,  the  blanks  are  base-plated,  then  installed  in  an 
in-line  system,  brazed  to  a  two-point  mount,  frequency 
plated,  baked,  backfilled  to  4  torr  of  He  at  375°C, 
and  finally  sealed  into  a  coldweld  enclosure  without 
further  exposure  to  atmosphere.  Sealed  and  unsealed 
units  are  shown  in  Fig.  1. 


The  initial  goal  was  to  develop  a  crystal  capable 
of  rapid  heating  in  an  oven  without  significant  fre¬ 
quency  overshoot.  Fig.  2  is  a  plot  of  data  taken 
using  a  5  MHz  AT  cut  in  a  fast  warm-up  oven.  The  oven 
normally  reaches  its  operating  temperature  in  300 
seconds.  Frequency  transients  induced  by  thermal 
gradients  causes  the  AT  to  overshoot  its  desired 
frequency  for  substantial  time  after  the  oven  reaches 
its  operating  temperature.  Fig.  3  shows  the  same  data 
taken  with  the  same  oven  using  a  TTC  cut.  When  the 
oven  reaches  its  design  temperature,  the  oscillator  is 
within  1  part  in  10e  of  its  design  frequency.  Within 
several  seconds,  the  oscillator  is  within  the  system 
measurement  limits  of  ±2  parts  in  105. 

A  further  advantage  of  the  TTC  is  shown  in 
Fig.  4.  This  shows  the  temperature-frequency  perfor¬ 
mance  of  three  representative  cuts,  the  AT,  BT  and 
TTC  cut,  all  operating  at  the  same  turnover  temperature 
of  about  80°C.  The  TTC  is  within  a  part  in  109  over 
a  temperature  range  of  ±0.8°C.  This  superior  tempera¬ 
ture  performance,  coupled  with  its  fast  warmup  capabi¬ 
lities,  were  predictable  on  the  basis  of  the  original 
theory1'2.  The  further  results  presented  here  were 
not  expected  when  the  study  started. 


Contour  Dependence 

TTC  units  were  initially  made  in  three  different 
contours,  one,  two  and  three  diopters.  Table  I  shows 
the  mean  resistance  and  Q  data  as  measured  on  these 
units.5  These  measurements  indicate  that  minimum 
resistance  and  maximum  Q  do  not  occur  at  the  same  con¬ 
tour  as  they  did  for  the  5  MHz,  5th  overtone  units.3 
Further  testing  produced  the  frequency-drive  level 
dependency  results  shown  in  Fig.  5.  One  diopter  units 
show  virtual  independence  of  the  crystal  drive  current. 
For  comparison,  typical  data  for  AT  and  BT  cuts  are 
also  shown. 

Since  the  TTC  is  a  doubly-rotated  cut,  the  acoustic 
mode  spectra  is  expected  to  be  quite  messy.  Fig.  6 
shows  the  measured  mode  spectra  for  the  three  test  con¬ 
tours.  As  expected,  increasing  the  contour  permits 
a  greater  separation  between  the  desired  response,  and 
the  beginning  of  the  anharmonic  responses.  However, 
this  also  Increases  the  frequency-drive  level  depen¬ 
dence  and  the  series  resistance.  A  good  compromise 
seems  to  be  the  two  diopter  contour.  This  yields  maxi¬ 
mum  Q  with  a  moderate  increase  in  resistance  and  drive 
level  depedence.  Further,  the  first  anharmonic  mode 
is  almost  125  KHz  above  the  desired  mode,  reducing 
possible  problems  of  nonlinear  coupling  or  activity 
dips. 
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Mounting  Dependence 

Of  primary  importance  is  the  performance  of  the 
TTC  cut  with  respect  to  the  mounting  location.  The 
rotational  angle  convention  used  is  shown  in  Fig.  7. 

Table  II  presents  data  taken  on  various  2  diopter, 
plano-convex  units  as  a  function  of  the  mounting 
location.  As  expected,  the  crystal  parameters  shown 
are  at  best  a  weak  function  of  the  mounting  location. 

The  data  shown  is  the  mean  of  the  various  units.  The 
frequency- temperature  coefficients  are  referenced  at 
the  turnover  temperature. 

Fig.  8  indicates  the  amount  of  thermal  transient 
compensation  achieved  as  a  function  of  mount  location. 
With  this  orientation,  the  average  compensation  is 
some  200  times  better  than  the  AT  or  the  8T.  As  a 
result,  the  temperature  scan  necessary  to  obtain  this 
data  was  about  25°C/minute.  The  data  is  not  totally 
conclusive,  but  does  indicate  that  the  best  compensa¬ 
tion  is  achieved  at  a  rotational  orientation  of 
about  -15°.  The  data  also  shows  quite  strongly  that 
even  though  the  helium  backfill  in  the  can  causes 
gaseous  conduction  to  be  the  primary  heat  transfer 
mechanism,  there  is  still  a  significant  transfer  of 
thermal  energy  through  the  mounting  pins. 

The  mounting  dependence  for  ' 2-g '  tipover  testing 
is  shown  in  Fig.  9.  In  this  and  in  Fig.  8,  the  solid 
curve  shown  is  strictly  a  guess  and  is  intended  to  be 
only  representational,  not  an  exact  locus  of  data. 

The  results  observed  to  date  indicate  the  best  response 
to  a  2-g  change  occur  at  rotational  angle  of  about 
20°.  The  actual  response  for  a  15°  mount  is  shown  in 
Fig.  10.  Preliminary  squeeze  testing  indicates  that 
the  TTC  does  have  a  zero  frequency-stress  dependence 
at  about  20°  from  the  Z-Z'  axis.  The  same  zero 
dependence  occurs  at  a  point  about  20°  from  the  X-X1 
axis.  At  this  orientation,  however,  the  '2-g'  depen¬ 
dence  is  almost  at  a  maximum.  All  of  this  seems  to 
conflict  with  the  prediction  of  the  SC  cut  that  zero 
frequency-stress  effects  occur  at  ±45°  from  the  Z-Z1 
axis,  and  that  these  two  mounting  axes  should  have 
identical  behavior. 

Unfortunately,  the  desired  response  for  the  thermal 
transient  behavior  and  the  '2-g'  performance  do  not 
occur  at  the  same  rotational  angle.  Again,  a  compro¬ 
mise  seems  to  be  necessary.  An  alternative  route,  not 
yet  taken,  would  be  to  redesign  the  mount  and  the 
thermal  path  through  the  mounting  pins  so  that  the  two 
effects  are  minimized  at  the  same  mounting  location. 

The  compromise  chosen  was  to  restrict  the  remainder  of 
the  measurements  to  units  mounted  on  the  Z-Z'  axis. 


Stability  and  Aging 

The  short  term  stability,  as  expressed  by  the 
Allen  Variance, was  measured  for  a  group  of  crystals. 

A  typical  result  is  shown  in  Fig.  11.  Even  though 
these  crystals  have  lower  Q  than  comparable  AT  and  BT 
units,  the  short  term  stability  is  measurably  better. 
Typical  values  for  1  second  samples  are:  AT,  about 
5  x  10"12;  BT,  about  2.5  to  3  x  10"12.  Measured  values 
for  the  TTC  range  from  1.24  to  1.87  x  10'12.  Measure¬ 
ments  for  sampling  times  less  than  0.1  seconds  have 
been  limited  by  oscillator  performance,  and  are  not 
considered  representative  of  the  crystal. 

Long  term  aging  has  also  been  determined  for  a 
limited  group  of  crystals.  The  initial  aging  rate, 
after  two  days  on  the  aging  racks  at  a  nominal  turn¬ 


over  of  75°C,  is  1  x  10"‘°  per  day.  This  is  fully 
comparable  to  current  BT  units  made  in  the  same  manner. 
The  BT  units,  ultimately  after  about  100  days,  reach 
an  aging  rate  of  about  3  x  10’12  per  day.  Insuffi¬ 
cient  time  has  elapsed  to  indicate  the  final  aging 
rate  that  the  TTC's  will  reach,  but  at  this  time  it 
is  expected  to  be  comparable  to  the  BT  units. 


Conclusions 

A  generalized  comparision  between  the  TTC  and 
similar  conventional  cuts,  such  as  the  AT  and  the  BT, 
is  shown  in  Fig.  12.  We  believe  that  the  data  pre¬ 
sented  in  this  paper  and  in  its  two  predecessors5’5 
shows  that  the  TTC  is  superior  in  fast  warm-up  charac¬ 
teristics,  in  its  frequency- temperature  behavior,  and 
in  its  frequency-drive  level  dependence.  Further, 
the  TTC  is  significantly  better  in  its  measured  short 
term  stability  and  in  the  observed  '2-g'  tipover  tests. 
Finally,  no  device  tested  to-date  has  shown  any 
significant  activity  dips.  In  most  testing  cycles, 
any  frequency  variation  to  a  part  in  10* ,  or  imped¬ 
ance  deviation  of  one-half  ohm  or  greater  caused 
by  activity  dips  would  have  been  observed.  None  were. 

The  data  also  implies  that  values  related  to  the 
simple  geometry  of  the  quartz  blank,  such  as  shunt 
capacitance,  remain  essentially  unchanged.  Also,  pre¬ 
liminary  indications  are  that  the  long  term  aging  of 
the  TTC  will  be  comparable  to  that  observed  on  similar 
10  MHz,  3rd  overtone,  BT's. 

The  data  also  shows  that  the  TTC  will  yield  lower 
Q  values,  higher  series  resistance  values,  and  a  richer, 
more  complicated  frequency  spectrum.  The  most  serious 
drawback  to  the  full  implementation  of  the  TTC  may  be 
its  tight manufacturing  tolerances.  The  slopes  of  the 
lower  turnover  temperature,  as  a  function  of  the  orien¬ 
tation  angles  for  the  TTC  are:  -75.3°C/°$  and  -248°C/ 
°8.  As  the  TTC  is  not  located  on  a  convenient  family 
of  atomic  planes,  the  amount  of  extra  X-ray  orienta¬ 
tion  required7  will  probably  restrict  this  cut  to 
uses  requiring  the  highest  precision  and  stability. 
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FIGURE  1  -  Sealed  and  Unsealed  10  MHz  TTC’s. 
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FIGURE  3  -  Frequency  Change  -  Fast  Warm-up 
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FIGURE  4  -  Frequency-Temperature  Characteristics 
@  80°C. 


TABLE  I.  -  Resistance  and  Q  Data  vs.  Contour. 
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FIGURE  5  -  Drive  Level  Dependence. 
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TABLE  II  -  Sumnary  of  2  Diopter  TTC  Results. 
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FIGURE  9  -  '2-g'  Tlpover  Results  vs.  Mounting 
Angle. 
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FIGURE  8  -  Thermal  Transient  Compensation  vs. 
Mounting  Angle 
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FIGURE  11  -  Short  Term  Stability  -  2  Diopter  TTC. 


7 


THE  FORCE-FREQUENCY  EFFECT  IN  DOUBLY  ROTATED  QUARTZ  RESONATORS 

A.  Ballato ,+  E.  P.  EerNiiae  *  and  T.  Lukas zek+ 

■♦US  An«y  Electronic*  Technology  &  Devices  Laboratory  (ECOM) 
Fort  Monaouth,  New  Jersey  07703 

*Sandla  Laboratories 
Albuquerque,  New  Mexico  87115 


Precision  frequency  control  requlreaents  for 
future  digital  communication  systems  require  Improved 
crystal  resonator  performance  In  a  number  of  aspects. 
Accordingly,  the  potential  of  doubly  rotated  quartz 
cuts  has  begun  to  be  explored.  In  the  neighborhood 
of  the  SC-cut  (YXwi)  ♦/e,  *  ■  21.9°,  6  *  +33.9°,  a 
variety  of  effects  having  their  bases  in  nonlinear 
elasticity  have  been  shown,  or  are  predicted,  to  be 
Improved  with  respect  to  corresponding  AT-cut  values. 
The  static  frequency-temperature  behavior  also  shows 
Improvement . 

This  paper  concerns  the  force-frequency  effect, 
thus  far  not  investigated  in  any  detail  for  doubly 
rotated  quartz  plate  vibrators.  It  relates  initial 
stress  produced  by  mounting  supports  to  resonance  fre¬ 
quency  changes;  it  contributes  to  long-term  aging,  and 
is  related  to  the  frequency  excursions  produced  in 
shock  and  vibration  environments. 

In-plane  diametric  forces  applied  to  the  periphery 
of  vibrating  plates  produce  frequency  changes  that 
depend  upon  the  azimuth  angle  ip  in  the  plane  of  the 
plate.  For  the  IT-cut  at  ♦  «  19.1°,  the  maximum  value 
was  found  previously  to  be  only  about  one-third  that 
of  the  AT-cut.  This  points  to  a  reduced  coefficient 
at  the  SC-cut  as  well.  Measurements  of  the  force  fre¬ 
quency  effect  coefficients  have  now  been  extended  to 
doubly  rotated  quartz  plates.  Also  given  are  charts 
of  the  mode  spectra  in  the  region  of  the  thickness 
modes,  and  the  modal  temperature  coefficients. 

The  force  coefficient  data  are  compared  with  theo¬ 
retically  predicted  values  obtained  from  a  variational 
principle  applied  to  an  anisotropic  disc  supported  at 
two  diametric  points.  This  analysis  departs  from  pre¬ 
vious  treatments  in  two  major  respects:  1)  the  iso¬ 
tropic  stress  pattern  is  replaced  by  anisotropic 
stress;  2)  the  elastic  problem  is  treated  for  triclinic 
symmetry,  rather  than  monocllnlc  symmetry.  These  in¬ 
vestigations  verify  the  superiority  of  doubly  rotated 
plates  with  respect  to  the  force-frequency  effect  and 
provide  further  motivation  for  their  continued 
development  and  utilization. 

Introduction 

Precision  frequency  control  requirements  for  digi¬ 
tal  communication  and  position  location  systems  cur¬ 
rently  undergoing  development  make  it  imperative  that 
crystal  resonator  performance  be  improved  in  a  number 
of  aspects.  Accordingly,  the  potential  of  doubly 
rotated  quartz  cuts  has  begun  to  be  explored.1-1®  For 
cuts  on  the  upper  zero  temperature  coefficient  locus 
in  general  (0  «  +34°),  and  in  the  neighborhood  of  the 
SC-cut  in  particular  (♦  ■  21.9°,  8  ■  +33.9°),  a  variety 
of  effects  having  their  bases  in  nonlinear  elasticity 
have  been  shown,  or  are  predicted,  to  be  reduced  below 
the  corresponding  AT-cut  values.  In  addition,  the 
static  frequency-temperature  behavior  shows  some 
improvement. 


Among  the  nonlinear  effects  of  interest  are: 

e  Force-frequency 

*  Acceleration  -  frequency 

s  Resonance  amplitude  -  frequency 

e  Intermodulation 

s  Mode  coupling  -  activity  dips 

*  Dynamic  thermal  -  frequency 

*  Film  stress  -  frequency 

Some  of  these  have  received,  or  are  receiving,  theoreti¬ 
cal  and/or  experimental  treatments;  this  paper  is 
principally  concerned  with  the  force-frequency  effect 
which  has  thus  far  not  been  investigated  in  any  detail 
for  doubly  rotated  quartz  plate  vibrators.  This  effect 
relates  the  initial  stress  produced  by  the  mounting 
supports  to  resonance  frequency  changes;  it  contributes 
to  long-term  aging  and  is  also  related  to  the  frequency 
excursions  produced  in  shock  and  vibration  environments . 

In-plane  diametric  forces  applied  to  the  periphery 
of  vibrating  plates  produce  frequency  changes  (order 
10-'  per  gram)  that  depend  upon  the  azimuth  angle  in 
the  plane  of  the  plate.  If  41  is  measured  from  the  Xj| 
axis,  then  it  is  found  experimentally11  that  for  the 
AT-cut  the  effect  is  zero  at  ♦  values  of  60°  and  120°. 
For  the  IT-cut  at  ^  «  19.1°,  Ballato1  found  the  zeros 
to  occur  at  ip  -  85°  and  163°  with  a  maximum  value  about 
one-third  that  of  the  AT-cut.  This  points  to  a  reduced 
coefficient  in  the  SC-cut  as  well. 

In  this  paper  we  extend  the  force-frequency  effect 
measurements  to  doubly  rotated  quartz  plates  on  the 
upper  zero  temperature  coefficient  locus,  concentrating 
on  the  SC-  and  FC-cuts  because  of  their  technological 
significance.  Also  given  are  charts  of  the  mode  spec¬ 
tra  in  the  region  of  the  thickness  modes  and  the  modal 
temperature  coefficients. 

The  force  coefficient  data  are  compared  with  theo¬ 
retically  predicted  values  obtained  from  a  variational 
principle  applied  to  an  anisotropic  disc  supported  at 
two  diametric  points.  This  analysis  departs  from  pre¬ 
vious  treatments1, 5, 12-15  in  two  major  respects: 

1)  the  isotropic  stress  pattern  is  replaced  by  the  more 
accurate  anisotropic  stress;  2)  the  elastic  problem  is 
treated  for  the  general  triclinic  symmetry,  rather  than 
the  raonoclinic  symmetry  appropriate  to  rotated-Y-cuts . ^ 

These  investigations  verify  the  predicted  superi¬ 
ority  of  doubly  rotated  quartz  plates  over  the  conven¬ 
tional  AT-cut,  with  respect  to  the  force-frequency 
effect,  and  provide  further  motivation  for  their  con¬ 
tinued  development  and  utilization. 

Doubly  Rotated  Crystal  Plateo 

Doubly  rotated  crystal  plates  are  the  most  general 
kind  of  one-dimensional  thickness-mode  vibrator.  The 
orientation  is  uniquely  specified  by  two  angles — ♦  and 
8.  Following  the  usual  convention,1'  the  orientation 
with  respect  to  the  crystallographic  axes  is  described 
as  (YXwt)$/8.  Examples  of  singly  and  doubly  rotated 
cuts  are  shown  in  Figure  1,  along  with  the  angles.1 
Also  shown  in  the  figure  is  the  locus  of  zero  first 
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order  temperature  coefficient  (ZTC)  for  quartz  reso¬ 
nator  plates.  In  quartz,  the  flrat  rotation  lowers 
the  apparent  ayaoetry  from  trigonal  to  monodlnlc; 
the  second  rotation  further  lowers  It  to  trlcllnlc. 

Static  frequency- Temperature  Behavior 

For  quartz  plates  on  the  upper  (8>0)  ZTC  locus, 
the  static  frequency- temperature  (f-T)  curve  exhibits 
a  cubic  behavior.  The  AT-cut  is  the  classical 
example.  Whereas  the  inflection  temperature  (the 
temperature  half-way  between  turnover  points)  occurs 
at  room  temperature  for  AT-cuts,  this  temperature 
increases  steadily  with  Increasing  angle  $ ,  becoming 
48°C  at  the  FC-cut,  74°C  at  the  IT-cut,  95°C  at  the 
SC-cut,  and  157°C  for  the  rotated-X-cut.  Typical  f-T 
curves  for  the  SC-cut  are  shown  in  Figure  2  for  the 
c-  and  b-modes.  Dots  represent  measured  points.  For 
the  b-mode  (the  faster,  quasi-shear  mode,  classed  as 
undesired),  the  first  order  temperature  coefficient 
is  -25.1  X10-6/K.  The  c-mode  (slower,  quasi-shear, 
desired  mode)  curve  was  fit  by  qulntlc  least-squares 
to  yield  the  following  coefficients  at  25°C: 

a  -  0.38  X10"6/K 
b  -  -11.4  X10“9/k2 
c  =  26.8  X1(T32/K3 
d  -  136.  X10_15/k4 

e  -  175.  X10-18/K.5 

The  SC-cut  is  seen  to  have  its  inflection  temperature 
around  100°C,  so  that  it  would  normally  be  operated 
around  its  lower  turnover  temperature,  where  the  upper 
turnover  is  used  for  the  AT-cut.  Compared  with  the 
AT-cut,  the  SC-cut  is  also  flatter,  so  a  given  tem- 
perature  control  will  correspond  to  a  smaller 
frequency  deviation. 

Mode  Spectrographs3 

A  wide  band  mode  spectrograph  is  shown  in  Fig¬ 
ure  3  for  an  SC-cut  crystal.  The  modes,  in  order  of 
frequency,  are  denoted  as  mM  f  where  m  is  the  mode 
type  (a,  b,  or  c)  and  M  Is  the  order  of  the  harmonic. 
The  sequence  shown  is  c£33  b(D  a£33  c{33  b£33  c(3) 
b,(5)  ap»  and  c<?). 

The  thickness-shear  mode  TSt  at  cutoff  corresponds  to 
the  c-mode;  the  thickness- twist  TTj  at  cutoff  cor¬ 
responds  to  mode  b,  and  mode  a  is  the  thickness- 
stretch  mode,  TE.  The  spaclngs  and  amplitudes 
measured  agree  closely  with  those  calculated  last 
year.3 

In  Figure  4  the  spectrum  in  the  vicinity  of  the 
c-mode  is  shown;  a  narrowband  plot  about  the  b-mode 
resonance  is  given  in  Figure  5.  From  Figures  3,  4, 
and  5  one  sees  how  very  clean  the  spectrum  is,  even 
for  the  harmonic  modes.  The  flat  SC-plate  used  for 
this  experiment  had  the  following  measurements : 

plate  diameter  ta  ■  14.18  mm; 
electrode  diameter  *e  «  5.0  mm  (keyhole 

pattern) ; 

mass  loading  (plateback)  u  «  1.8Z; 
c-mode  fundamental  frequency  “  5.937  MHz. 

Although  one  would  suspect  that  the  SC  orienta¬ 
tion,  because  of  its  lower  symmetry,  would  have  a 
more  complicated  unwanted  mode  spectrum,  it  appears 
that  energy  trapping3®!39  can  be  applied  readily  to 
these  plates,  although  the  optimum  electrode  shape2^ 
and  plateback  relations  are  not  available  at  the 
present  time. 


Mathematical  Modeling 

An  overview  of  the  present  theoretical  work,  com¬ 
pared  to  past  treatments,  is  shown  in  Figure  S. 

Past  theoretical  analyses2* 3 >32>33  of  static 
mechanical  stress  bias  effects,  in  general,  and  of 
force  sensitivities,  in  particular,  have  been  two- 
step  calculations.  First,  linear  elastic  solutions 
for  the  distribution  of  static  mechanical  stress  bias 
in  the  resonator  blank  were  obtained,  assuming  that 
quartz  is  isotropic.  These  isotropic  static  solutions 
for  the  stress  at  the  blank  center  were  then  used  to 
calculate  resonant  frequency  shifts  in  non-linear  wave 
propagation  calculations  which  included  the  correct 
anisotropy  of  quartz  and  third-order  elastic  constant 
effects. 

The  present  work  is  a  two-step  calculation  where 
an  attempt  is  made  for  a  better  solution  to  the  static 
problem.  The  calculus  of  variations  (essentially  the 
Rayleigh-Ritz  method)  is  used  to  find  approximate 
solutions  to  the  anisotropic  static  stress  problem. 

The  approximate  static  solution  for  the  stress  at  the 
blank  center  is  used  in  a  non-linear  elastic  wave 
propagation  code  to  calculate  resonant  frequency 
shifts , 

The  present  theoretical  results  for  the  singly- 
rotated  AT-  and  BT-cuts  provide  a  much  Improved  com¬ 
parison  with  published  experimental  results  than  the 
earlier  theoretical  results.  The  theory  is  used  to 
calculate  force  sensitivity  coefficients  for  the 
doubly-rotated  cut  family  containing  the  important  AT-, 
IT-  ,  FC-  ,  and  SC-cuts.  The  results  provide  the 
crystal  designer  with  the  appropriate  azimuthal 
angle  to  mount  the  resonator  on  a  two-point  mount  for 
minimum  force  sensitivity. 

A.  Theory 

One  calculational  approach  that  has  been  useful  on 
numerous  occasions  for  calculating  stress  patterns  in 
static  and  vibrating  elastic  material  bodies  is  the 
calculus  of  variations.23, 22  the  method  is  approximate 
although  the  closeness  to  which  the  approximate  solu¬ 
tion  can  be  brought  to  the  actual  solution  is  a  matter 
of  degree  depending  on  the  choice  of  trial  (basis) 
functions,  available  computer  size,  and  patience.  The 
method  for  static  problems  amounts  to  formulating  the 
total  elastic  stress-strain  energy  stored  in  a  given 
body  for  the  given  boundary  conditions  and  trial 
functions  and  then  adjusting  the  trial  functions  to 
minimize  the  stored  elastic  energy.  The  approxima¬ 
tions  obtained  with  the  method  are  somewhat  better  for 
the  elastic  energy  values  than  the  stress  distribu¬ 
tions,  but  sufficient  accuracy  of  the  stress  distribu¬ 
tions  can  be  obtained  for  practical  considerations. 

The  total  stored  elastic  energy  L  is  given  by 

L=  //*** iui  (1) 


Here  V  and  S  are  the  resonator  blank  volume  and  sur¬ 
face,  C  .  is  the  elastic  stiffness  tensor  in  engineer¬ 
ing  notation,  Fj  is  the  distribution  of  force  per  unit 
area  acting  on  the  surface,  Uj  is  the  elastic  displace' 
ment  vector.  We  use  a  cartesian  coordinate  system  xj 
for  the  plate,  and 

=  <u«.j +  uj.i)A  •  (2) 

Here  \  and  u  run  1-6,  and  i  and  j  run  1-3.  S  is 


related  to  Sjj  by  the  conventional^  relations  between 
engineering  and  tensor  notations. 

The  present  calculations  treat  a  circular  resona¬ 
tor  blank  of  diameter  d  and  thickness  T  described  by 
the  IRE  standard^  notation  (YXw£)$/0.  We  consider 
only  contoured  or  energy  trapped  resonator  designs 
where  the  vibrational  acoustic  energy  is  restricted  to 
the  vicinity  of  the  blank  center.  Contouring  effects 
are  Ignored  for  the  static  stress  distribution  calcu¬ 
lation,  however,  so  that  the  much  simpler  problem  of  a 
flat  circular  plate  can  be  solved  for  the  static  stress 
distribution.  This  simplification  is  warranted  because 
che  thin  resonator  blanks  used  for  thickness  shear 
resonators  allow  the  assumption  that  the  thickness  X2 
(or  y)  dimension  is  small  enough  for  a  plane  stress 
problem. 

In  the  case  of  plane  stress,  \  and  u  run  1,  3,  5 
and  i  and  j  run  1,  3,  in  Equations  1  and  2  (X2  is 
blank  thickness  direction,  x^  is  t,  is  w  in  the 
standard  notation).  Also,C^„  is  replaced  by  y  ^  ,  the 
planar  elastic  stiffness  coefficients  expressed  in  the 
plate  coordinate  system.  Hence: 


dx.dV  S  3  v 

3  u 


I**  FiU. 


The  variational  method  involves  substituting  a 
linear  superposition  of  trial  functions  for  U.  in  Equa¬ 
tions  2  and  3,  carrying  out  the  Integrals  in  Equation  3, 
and  minimizing  the  resulting  expression  (differentia¬ 
ting  the  expression  with  respect  to  a  given  coefficient 
and  setting  that  equal  to  zero)  with  respect  to  the 
coefficients  of  the  trial  functions.  The  problem  then 
becomes  a  linear  algebra  problem  in  the  coefficients. 
The  choice  of  trial  functions  must  be  such  that  they 
represent  a  pointwise  complete  set  over  V  and  S.  If 
the  trial  functions  already  satisfy  some  aspecC  of  the 
problem  such  as  the  differential  equation  or  boundary 
conditions,  the  number  of  trial  functions  needed  for 
adequate  convergence  is  small.  For  the  present  case, 
we  take  the  easy  way  out  and  choose  a  simple  power 
series  expansion  of  and  rely  on  the  computer  to 
handle  large  numbers  of  trial  functions.  The  trial 
functions  chosen  for  the  two-point  problem  are 


(a  x?9*1 
|  mn  1 


+  B  (I> 

W  1  3  ( 


m,n,p,q=0 


FQTU  . 

»3  ■  z  jv  *  “t»  v*  <ri  •  ai> 


The  value  for  is  set  to  equal 

F±  -  F/(dt),  (4) 

where  F  is  the  inwardly  acting  force  applied  to  the 
opposite  ends  of  a  blank  diameter,  t  is  the  ^iate 
thickness,  and  6  is  some  length  dimension  which  Is 
small  relative  to  the  blank  circumference  (point 
force) .  All  the  Integrals  can  be  carried  out  in 
Equation  3,  the  surface  Integral  being  treated  in  the 
limit  of  a  point  force  (6  -*>0).  After  differentiation 
with  respect  to  A  ,  B  ,  and  D  ,  the  resulting 
linear  algebra  proBlem^has  a  solution  for  Affin,  B  , 
and  Dtu  which  scales  with  F.  Thus  the  static  strEss 
distribution  can  be  solved  for  any  known  A  com¬ 

puter  code  for  the  linear  algebra  problem  was  written 


which  included  rotation  of  the  quartz  elastic  tensor 
to  obtain  y  and  arbitrary  selection  of  M,  N,  P,  Q, 

T,  and  U.  From  symmetry  arguments,  one  is  led  to  use 
groups  of  the  trial  functions,  adding  new  groups  until 
satisfactory  convergence  is  obtained.  The  groups  are 
defined  by  (0,R),  where  the  group  includes  all  pairs 
of  (m,n),  (p,q),  and  (t,u)  with  the  first  member 
increasing  from  zero  to  R  in  steps  of  one  while  the 
second  member  decreases  from  R  towards  zero  in  steps 
of  one,  e.g.,  (0,3),  (1,2),  (2,1),  (3,0)  make  up  the 
family  (0,3). 

The  resulting  solution  for  the  static  stress  at 
the  plate  center  using  the  published  constants 

for  quartz^3  is  incorporated  into  a  previously 
described  computer  code^*^  which  calculates  the  reso¬ 
nant  frequency  shift  caused  by  elastic  nonlinearities 
(third-order  elastic  constant  effects).  We  use  here 
the  definition  for  the  force  sensitivity  coefficient 
Kf  defined  as^ 

Af  FNo  (5) 

f  *  Kf  dr 

where  No  is  the  frequency  constant.  The  plate 
diameter  is  d  ■  $a.  Units  are  Kf  in  m-sec/N,  No  in 
ro/sec,  d  and  t  in  m,  and  f  in  sec-*  or  Hz.  Kf  is 
positive  if  frequency  increases  upon  application  of  a 
compressive  force. 

The  direction  of  the  applied  forces  F  is  impor¬ 
tant  because  of  the  anisotropy  of  the  quartz  nonlinear 
elastic  problem  and  because  of  the  quartz  anisotropy 
in  the  static  stress  problem  (the  latter  is  ignored  in 
earlier  isotropic  static  solutions).  We  choose  to 
follow  the  earlier  experimental  work  by  presenting 
results  for  the  Kf  of  a  given  (YXw£)<J>/9  cut  as  a  func¬ 
tion  of  azimuthal  angle  The  azimuthal  angle  is 
measured  in  right-hand  convention  about  x ^  from  xj 
(or  i)  in  the  plane  of  the  plate  (positive  angle 
going  from  Xj  to  -xy  our  Xf ,  the  plate  coordinate 
system,  sometimes  is  referred  to  as  xj) . 

B.  Results 

The  program  was  first  tested  for  isotropic  blanks. 
The  solution  at  the  center  of  the  plate  converges 
rapidly  (four  significant  figures)  to  that  found 
analytically ,24  i.e.,  6F/rrdr  compression  along  the 
diameter  aligned  with  (inwardly  directed)  F  and  2F/irdi 
tension  along  the  diameter  perpendicular  to  F. 

Calculations  were  carried  out  for  the  AT-  and  BT- 
cuts  since  there  exist  large  amounts  of  force  sensi¬ 
tivity  data  and  considerable  discrepancies  between  the 
data  and  earlier  theoretical  results  for  these  cuts. 
The  results  for  the  zero  temperature  coefficient 
thickness-shear  c-mode  are  shown  in  Figure  7  as  Kf 
vs  The  "isotropic  assumption"  in  Figure  7  is  the 
result  obtained  in  the  present  computer  codes  when 
the  isotropic  solution  (-6F/irdt,  2F/irdx)  is  used  for 
the  static  stress  pattern  at  the  plate  center.  This 
result,  is  numerically  equivalent  to  the  results 
of  Lee,  et  al.l-*  Note  the  discrepancies  between  the 
isotropic  assumption  results  and  the  experimental 
summary  provided  by  Ratajski;!^  namely,  the  difference 
in  value  for  Kf  at  ty  -  0  for  the  AT-cut,  and  the  com¬ 
plete  failure  to  predict  the  dip  in  the  BT-cut 
results.  As  seen  in  Figure  7,  the  present  calcula¬ 
tions  using  the  variational  treatment  are  quantita¬ 
tively  accurate  at  V  «  0  for  the  AT-cut  and  predict  a 
dip  for  the  BT-cut.  The  calculations  leading  to  Fig¬ 
ure  7  Involved  using  all  the  families  up  to  and 
including  (0,5),  making  21  values  each  for  Amn, 
and  DfU  for  a  63  x  63  linear  algebra  problem.  Tin' 
addition  of  the  (0,5)  family  only  changed  the  numeri¬ 
cal  answer  for  the  stress  at  the  plate  center  in  the 
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third  significant  figure,  so  some  idea  of  modification).  The  frequency  is  recorded  from  a 

convergence  is  provided.  counter. 


Figure  8  contains  present  results  for  the  thick¬ 
ness  shear  (mode  c)  IT-cut  and  previously  published 
experimental  results.  The  qualitative  features  of 
the  experimental  data  are  reproduced  by  both  the  iso¬ 
tropic  assumption  results  and  the  full  variational 
result.  In  view  of  the  results  in  Figure  7,  where 
more  experimental  data  exist,  we  consider  the  varia¬ 
tional  result  to  be  the  more  accurate.  The  quanti¬ 
tative  discrepancy  between  experiment  and  theory  is 
not  as  serious  as  might  appear  in  Figure  8  because 
there  is  a  factor-of-two  scale  expansion  between 
Figures  8  and  7  to  account  for  the  generally  smaller 
Kf  values  of  doubly  rotated  cuts. 

A  series  of  calculations  has  been  carried  out  for 
the  zero  temperature  coefficient  branch  (mode  c)  sub¬ 
set  within  (YXwi)<t>/8:  *  «  0“  (AT-cut) ;  p  -  10°; 

P  -  15°  (FC-cut);  i)  *  19°  (IT-cut);  p  -  22°  (SC-cut); 

P  ■  30°  (rotated-X-cut) .  The  results  for  Kf  vs  are 
shown  in  Figure  9. 

The  family  of  curves  for  Kj  vs  41  in  Figure  9  are 
the  general  theoretical  results  for  this  paper.  The 
curves  should  be  useful  in  choosing  the  optimum  loca¬ 
tion  of  bonding  pads  for  two-point  mounts  to  minimize 
the  effects  of  mounting  stresses  and  some  effects  of 
acceleration. 

In  Table  1  are  given  the  computed  angles  i p  at 
which  Kf  is  zero,  as  function  of  4>.  Table  2  lists 
the  computed  locations  and  values  of  the  extrema  of 
Kj  as  function  of  j>. 


TABLE  1.  ZEROS  OF  Kf 
P°  i*'0 


0 

64.7  , 

115.3 

10 

68.5  , 

125.2 

15 

74.8  , 

148.8 

19.1 

79.3  , 

163.1 

21.9 

81.6  , 

171.9 

30 

79.3  , 

184.3 

TABLE  2. 

LOCATION 

AND  VALUES 

OF  Kf 

EXTREMA 

P° 

Kf 

(max) 

P° 

Kf  (min) 

0 

0 

24.5 

90 

-11.5 

10 

17.6 

21.4 

93.2 

-10.8 

15 

26.0 

18.2 

98.8 

-  8.9 

19.1 

36.6 

15.3 

118.1 

-10. 1 

21.9 

44.3 

14.7 

131.6 

-14.3 

30 

55.6 

14.7 

130.0 

-23.9 

(Kf  in  10"15  m*s/N) 


Experimental  Confirmation 

Apart  from  the  IT-cut  results  obtained  in  1960, 1 
no  experimental  results  were  available  for  comparison 
with  the  theoretically  predicted  force-frequency 
curves  of  doubly  rotated  cuts  of  quartz,  shown  in 
Figure  9.  In  order  to  obtain  these  results,  the 
experimental  apparatus  of  Figure  10  was  constructed. 

It  contains  provisions  for  the  precise  rotation  of  the 
angle  p  by  means  of  a  vacuum  chuck  for  holding  the 
crystal  (and  maintaining  strict  crystal  vertical 
alignment),  and  high-ratio  reduction  gear.  Five  mil 
wires  were  bonded  to  the  crystal  and  served  for  the 
electrical  connections.  To  the  left  in  the  figure, 
the  connections  are  brought  out  to  a  Crystal  Impedance 
Meter  (RFL  model  459  «  TS-330  with  low  drive 


Micrometer  adjustments  are  available  for  assuring 
accurate  alignment  of  the  various  portions  of  the  jig. 
Force  application  was  made  by  a  movable  rod  on  which 
calibrated  masses  were  applied;  the  mass  of  the  rod 
was  taken  into  account. 

The  crystals  considered  here  had  orientations 
(YXwlH/9,  with  4  -  10°,  15°,  and  21.9°,  and  6  such 
that  the  units  had  zero  temperature  coefficients 
(8  =  +34°).  All  crystal  units  were  provisionally 
scored  near  the  XV  axis  (projection  on  the  Z,  or  optic 
axis).  The  true  location  of  XV  with  respect  to  the 
score  mark  was  later  determined  for  each  crystal  to 
within  1°  by  a  conoscope,  and  enabled  p  to  be  accu¬ 
rately  known.  (This  procedure  was  also  applied  to  the 
still-extant  IT-cut  crystal  that  was  described  in 
Reference  1.  The  new  measurement  disclosed  that  the 
true  X^  axis  as  seen  in  the  conoscope  was  a  full  19° 
in  error  with  respect  to  the  score  mark  on  the  crystal. 
Thus ,  the  curve  in  Figure  18  of  Reference  1  ought  to 
be  translated  to  the  right  with  respect  to  the  graph 
axes,  so  that  the  zeros  occur  at  85°  and  163°.  This 
finding  was  a  welcome  resolution  of  a  disturbing  dis¬ 
crepancy  between  theory  and  experiment ! ) 

Measurements  were  made  in  v  intervals  of  10° . 
Three  readings  were  taken  at  each  p.  First,  the  fre¬ 
quency  of  the  unloaded  vibrator  was  measured.  Then 
the  weight  was  lowered  gently, and  the  loaded  frequency 
was  recorded.  Finally,  the  frequency  with  the  weight 
removed  was  measured.  The  first  and  third  frequencies 
were,  in  all  cases,  at  most  one  or  two  Hz  apart.  Kf 
was  then  calculated  from  equation  (5)  using  the  mea¬ 
sured  values  of  frequency  change  Af  with  applied 
weight,  plate  diameter  and  thickness,  force  applied, 
and  crystal  frequency  constant  No.  For  the  three  cuts 
considered,  the  frequency  constants  are^® 

t  -  10°,  No  -  1690  m/s 

15°,  1726 

21.9°,  1797. 

Figures  11,  12,  and  13  show  the  experimental 
curves  for  the  c-mode  cuts  at  *  *  10°,  15°,  and  21.9°, 
respectively.  Included  in  each  figure  is  a  curve, 
shown  dashed,  of  the  theoretical  result  obtained  from 
the  variational  procedure  outlined  earlier.  The  solid 
curves  represent  experimental  results  averaged  over  a 
group  of  units,  and  also  over  a  number  of  runs  on  each 
unit  by  three  experimenters.  The  error  bars  represent 
data  extremes  encountered. 

Data  scatter  is  worst  for  the  *  •  10°  units,  and 
a  fully  satisfactory  explanation  for  this  cannot  at 
present  be  given.  In  all  cases  it  was  observed  that 
the  unloaded  frequencies  appeared  to  vary  with  ♦, 
indicating,  e.g.,  a  stray  capacitance  effect  due  to 
the  fixture.  A  modification  of  the  mounting  arrange¬ 
ment  to  reduce  this  effect  produced  the  solid  curve 
shown  in  Figure  13  without  the  error  bars.  As  may  be 
seen  in  the  figure,  the  modification  Improves  the 
agreement  of  the  experimental  curve  with  the 
theoretical.  In  Figures  11,  12,  and  13,  the  agreement 
between  experiment  and  theory  is  generally  quite  good, 
especially  when  the  smallness  of  the  effect  is  borne 
in  mind.  The  overall  magnitudes  predicted  and 
observed  agree  well,  as  do  the  general  features  in 
each  case.  The  symmetry  about  ♦  ■  0°  and  90°  observed 
in  the  AT-  and  BT-cut  curves  (cf.  Figure  7)  is  seen  to 
be  absent  in  the  doubly  rotated  cut  curves  of  Figures 
8,  11,  12,  and  13;  this  la  because  the  dlgonal  axis  of 
symmetry,  which  lies  in  the  plane  of  rotated-Y-cut 
plates,  is  out  of  the  plane  for  cuts  having  ♦  /  0*. 
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A  comparison  of  Figures  12  and  13  with  Figure  7 
reveals  Chat  the  peak-to-peak  excursions  of  K<  with  p 
for  the  FC-  and  SC-cuts  Is  about  one  half  that  of  the 
AT-cut.  This  Indicates  a  reduced  sensitivity  of  these 
cuts  to  mechanical  shock.  Further  comparison  between 
Figures  12  and  13  discloses  that  the  average  force 
coefficient 

<Kf>  =  £  f  Kf(f)  df  (6) 

o 

for  the  FC-cut  is  positive  and  relatively  large  (albeit 
lower  than  for  the  AT-cut),  whereas  for  the  SC-cut  it 
Is  very  small  (Ideally  zero).  This  feature  stems  from 
the  SC-cut  definition  as  the  ZCT  orientation  for  which 
planar  stress  produces  no  frequency  change. 

Figure  14  gives  the  results  of  a  preliminary  set 
of  measurements  of  the  force  sensitivity  for  the  b- 
mode  of  the  SC-cut.  This  mode  has  frequency 
constant^® 

No  ■  1977  m/s, 

and  a  temperature  coefficient  of  approximately  -25  or 
-26  ppm/K.  Because  of  the  large  temperature  coeffi¬ 
cient,  the  force  coefficient  measurements  are  not  as 
easy  to  make  as  for  the  c-mode.  The  results  reported 
in  Figure  14  should  be  regarded  as  tentative;  they 
disclose,  however,  that  Kf  exhibits  no  zeros  along  the 
i/i  axis. 

Conclusions 
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Conventions  for  specifying  plate  orientations;  locus 
of  zero  temperature  coefficient  In  qucrtz. 


4.  Narrowband  spectrograph  of  the.  SC-cut  c  mode 
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5.  Narrowband  spectrograph  of  the  SC-cut  b  mode. 
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7.  Force-frequency  plots  for  AT-  and  BT-cut  quartz. 


Prior  •  Isotropic  initial  stress  field  assumed. 

•  Analysis  limited  to  rotated-Y-cuts  (YX£)8. 

Present  •  Anisotropic  initial  stress  field  obtained 
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•  Solution  applied  to  doubly  rotated  cuts 
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6.  Outline  of  mathematical  analyses. 
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9.  Composite  of  force-frequency  olots  far  quartz  cuts. 


10.  Photograph  of  force-frequency  apparatus. 
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12.  Force-frequency  graph  for  0  «  15°. 


11.  Force-frequency  graph  for  0  r  10°. 
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Sumary 

The  amplitude-frequenc ’  effects  of  quartz  crystal 
resonators  are  due  to  different  physical  mechanisms. 
The  main  phenomenon  is  related  with  the  crystal  non 
linear  elastic  properties  :  elastic  coefficients  of 
the  3rd  and  4th  order,  non  linear  propagation  equation 
But  thermal  effects  can  induce  also  a  frequency  change 
under  a  variation  of  the  drive  level.  Two  kinds  of 
thermal  behavior  are  to  be  distinguished  :  the  quasi¬ 
static  thermal  effects  related  with  the  temperature 
coefficients  and  the  thermodynamic  effects  inducing 
thermal  stresses.  Doubly  rotated  quartz  resonators 
present  the  advantage  of  one  more  degree  of  freedom 
compared  to  a  singly  rotated  resonator.  The  amplitude- 
frequency  behavior  is  studied  as  a  function  of  this 
supplementary  parameter  which  is  the  rotation  angle 
around  the  optical  axis. 


In  order  to  cancell  out  these  phenomena  several 
ways  are  possible.  The  dual  crystal  oscillator  concept 
is  a  promissive  possibility  which  enables  to  associate 
with  a  good  spectral  purity  a  low  long  term  drift.  But 
in  fact  such  a  "sophisticated"  oscillator  will  be  more 
complicated  and  then  more  expensive.  A  solution  is  of¬ 
fered  by  doubly  rotated  crystals  ,  presenting  one  ad¬ 
ditional  degree  of  freedom,  the  rotation  angle  around 
the  optical  axis,  which  can  be  choosen  in  order  to  de¬ 
crease  the  non  linear  elastic  behavior,  the  other  cut 
angle  being  adjusted  to  minimize  the  thermal  sensiti¬ 
vity. 

Doubly  rotated  cut  caracteristic  angles  are  pre¬ 
sented  on  figure  1 .  These  cuts  are  caracterized  by  a 
first  rotation  f  around  the  X3  ax;s,  followed  by  a  se¬ 
cond  rotation  6  around  the  x' j  mis. 


Results  are  presented  for  crystals  in  the  range 
about  5  KHz  vibrating  on  the  3rd  and  5th  overtone. 
These  resonators  are  made  using  plano-convex  crystal 
plates  and  the  irfiuence  of  the  curvature  radius  is 
studied.  Thus  it  is  possible  to  defined  crystallogra¬ 
phic  cuts  and  crystal  parameters  with  a  lower 
amplitude-frequency  effect. 


Introduction 


The  non  linear  amplitude-frequency  (A-F)  effect 
of  quartz  crystal  resonators  is  a  limiting  factor  for 
their  use  at  high  drive  level  in  oscillators  and 
filters. 

In  oscillators  at  short  term  the  amplitude  modu¬ 
lation  noise  is  transformed  into  frequency  noise  and 
for  very  hard  driving  the  resonator  phase  response 
cannot  be  well  defined  because  of  discontinuities. 

For  regular  AT  cut  5  MHz  fifth  overtone  resonators 
it  is  not  possible  to  increase  the  excitation  power 
above  50  pW.  At  long  term  the  all  drifts  of  the  dri¬ 
ving  power  are  also  converted  into  frequency  drifts 
and,  for  the  same  kind  of  resonators,  in  the  case  of 
power  variations  of  1  Z,  to  achieve  a  theoretical  re¬ 
lative  frequency  stability  of  1  «  I 0— • 2  the  mean  dri¬ 
ving  power  has  to  be  almost  as  low  as  a  few  nW.  There¬ 
fore  it  is  not  possible  to  obtain  the  best  short  term 
and  long  term  stabilities  at  the  same  time  with  a 
single  AT  cut  resonator  in  the  present  state  of  the 
art  . 


In  hard  driven  crystal  filters,  both  discrete 
•■lement  and  monolithic,  intermodulation  will  occur 
also  due  to  elastic  non  linearities  and  thermal  ef¬ 
fects.  (Sometimes  an  ocher  phenomenon  is  present  rela¬ 
ted  with  surface  defects). 


Amplitude-Frequency  effect  mechanisms 

The  A-F  effect  of  quartz  crystal  resonators  was 
measured  by  Seed^  on  AT  and  BT  cut  5  MHz  resonators, 
and  by  Hatmnond  et  Al^  on  high  Q  one  MHz  resonators. 

The  theoretical  analysis  was  performed  by  Seed^  who 
gave  a  relation  between  frequency  and  current,  by 
Gagnepain^,  who  established  the  non  linear  equation  of 
the  current  through  the  resonator  in  the  case  of  the 
pure  thickness  model.  Then  more  realistic  solutions 
were  given  by  Tiersten^  taking  into  account  the  func¬ 
tional  dependance  along  the  plate  and  by  Barcus**  who 
solved  the  wave  propagation  equation  keeping  a  non 
linear  term  previously  neglected  in  the  other  studies 
and  which  enables  to  describe  the  frequency  variations 
for  low  drive  levels  as  well  as  for  high  levels. 


In  these  studies  are  introduced  the  elastic  non 
linearities  by  means  of  the  higher  order  elastic  coef¬ 
ficients.  In  fact  it  is  necessary  to  go  up  to  the 
fourth  order,  because  the  third  order  coefficients  are 
null  for  instance  in  the  case  of  rotated  Y  cuts.  The 
non  linear  equations  (wave  equation,  strains,...)  are 
limited  up  to  the  third  order.  The  corresponding  solu¬ 
tions  present  a  fast  response  time. 


However  the  thermal  behavior  related  with  a  va¬ 
riation  of  the  drive  level  can  also  introduce  a  fre¬ 
quency  change  which  appears  as  A-F  effect.  But  it  is 
necessary  to  distinguish  between  quasistatic  tempera¬ 
ture  behavior  and  thermodynamic  effects. 


In  the  first  case,  the  mean  temperature  changes 
and  therefore  the  frequency  variations  follow  the  law 
given  by  the  well  known  temperature  coefficients.  This 
is  not  a  non  linear  mechanism.  It  can  be  reduced  by 
choosing  the  appropriate  cut  and  using  the  crystal  for 
instance  at  a  temperature  corresponding  to  the  turn 
over  point  temperature. 
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The  second  thermal  phenomenon  is  the  thermodyna¬ 
mic  effect.  The  elastic  vibrations  induce  heat  sources 
within  the  crystal  because  of  the  internal  losses. 
These  sources  are  located  at  the  maximum  of  the  mecha¬ 
nical  vibrations.  A  thermal  diffusion  takes  place  and 
the  crystal  goes  to  a  new  thermal  equilibrium^  with  an 
inhomogeneous  temperature  distribution. 

Therefore  thermal  stresses  appear  and  there  is  a 
coupling  with  the  propagating  wave,  due  to  the  third 
order  non  linear  elastic  coefficients,  inducing  a 
frequency  variation.  Strictly  speaking  it  is  also  ne¬ 
cessary  to  take  into  account  the  changes  in  the  crys¬ 
tal  size  and  specific  mass.  The  heat  brought  by  the 
internal  thermal  sources  diffuses  with  a  time  cons¬ 
tant  T 

h2  p  C 

- - -  (I) 


where  h  is  the  crystal  thickness,  p  the  specific  mass, 
Cs  the  specific  heat  at  constant  strain  and  X22 
diffusion  constant.  The  constant  given  by  the  rela¬ 
tion  (t)  corresponds  to  the  case  where  the  crystal 
surface  is  in  contact  with  a  large  heat  reservoir  at 
uniform  and  constant  temperature.  The  value  of  t  is 
of  the  order  of  0.3  s.  (h  -  1.5  mm). 

In  the  measurement  of  the  A-F  law  a  third  effect 
is  to  be  considered  which  is  the  linear  response  of 
the  resonator  to  any  amplitude  variation.  The  energy 
trapped  in  the  resonator  cannot  change  instantaneous¬ 
ly  and  there  is  a  time  constant  related  with  the 
Q  factor. 

Corresponding  to  the  schematic  diagram  of  fig.  2 
the  current  i(t)  through  the  crystal  is  given  by 
equation  (2)  : 


dl 

dt 


cost  - 


"10 


2  L 


+  R 


10 


I 


e  _ 

e  id  I  -  -se —  sint  -  uk  T3 
^LI0 


(6) 


with  <ii0  -  aid  +  t).  k  is  a  phenomenological  coeffi¬ 
cient  caracteristic  of  the  A-F  effect  including  a., 

e,,  y,. 


The  steady  state  is  given  by  dl/dt  ■  0  and  if 
the  resonator  is  driven  by  a  signal  with  a  frequency 
such  as  t  ■  0  equation  (6)  becomes  : 
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which  can  be  used  to  determine  the  value  of  k. 


(7) 


Equations  (6)  are  solved  using  a  computer.  The 
phase  response  t(t)  is  represented  on  figure  3a  for 
a  5.6  MHz  AT  cut  fifth  overtone  resonator  with  a  Q 
factor  equal  to  0.85  *  10®.  The  other  parameter  values 
are  L)0  -  4  H  ,  R]0  -  165  fl  ,  k  -  0.25  A-2 and  R  -  50  fi. 

Each  curve  corresponds  to  the  transient  rate  fol¬ 
lowing  a  step  of  the  driving  signal  represented  by  the 
averaged  current  of  the  steady  state. 

It  can  be  seen  on  the  experimental  curves  of  fi¬ 
gure  3b  that  for  this  AT  cut  resonator  the  thermal  ef¬ 
fect  does  not  appear.  But  for  some  other  resonators 
thermal  effects  can  become  very  important  and  give  a 
phase  rotation  with  a  large  time  constant  as  shown  on 
the  experimental  curves  of  figure  4.  These  curves  cor¬ 
respond  to  a  doubly  rotated  resonator  with  cut  angles 
not  adjusted  at  the  right  values. 


d2  i  2 . 

+  m2i 

dt2  ° 


sin  ut 


V  Lj  '  dt 


(2) 


where  u)Q  is  the  crystal  angular  resonance  frequency 
and  a)  the  driving  source  angular  frequency. 


The  transient  rate  relaxation  constant  is  large 
compared  to  the  oscillation  period  for  resonators 
with  high  Q  factors  and  a  solution  can  be  choosen 
with  the  form  given  by  relation  (3)  : 

i  ■  l(t)  cos  (wt  +  $(t>)  *  I ( t )  cos  (*f»(t))  (3) 

where  I(t)  and  4>(t),  respectively  the  current  ampli¬ 
tude  and  the  phase  difference  between  the  current  and 
the  driving  signal  e  -  EQ  cos  wt  are  slow  variable 
functions  of  time.  A  supplementary  relation  is  intro¬ 
duced  : 

HT  rltfc 

-rr  cos  ^  -  I  -T-  sin  ^  *  0  (A) 


The  non  linear  behavior  of  the  resonator  is  in¬ 
cluded  in  the  motional  parameters  L^,  Cj  and  . 
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The  parallel  capacitor  variations  are  negligible. 
Using  relations  (5),  (4)  and  (3)  into  (2)  and  taking 
the  average  over  a  period  one  obtains  the  mean  ampli¬ 
tude  I  and  phase  $  : 


The  sensitivity  to  internal  heat  sources  was  stu¬ 
died  applying  a  laser  beam  at  different  points  on  the 
surface  of  a  10  MHz  AT  cut  resonator®  and  measuring 
the  corresponding  frequency  variations.  Figure  5  shows 
response  curves  for  the  beam  applied  at  several  points 
along  the  xj  axis.  The  most  sensitive  parts  are  near 
the  fixation  points  and  this  is  due  to  reaction  forces 
of  the  fixations.  At  this  point  the  sensitivity  is 
about  5  ppm/°C.  At  the  plate  center  it  becomes  lower, 
approximately  1  ppm/°C. 


Amplitude  frequency  effect 
versus  crystal  orientation 


The  frequency  variation  as  a  function  of  the  dri¬ 
ving  current  through  the  resonator  was  measured  using 
the  measurement  set  presented  on  figure  6. 

A  frequency  synthesizer  with  a  local  interpola¬ 
tion  oscillator  drives  the  crystal  which  is  in  a 
transmission  circuit.  The  synthesizer  can  be  locked 
at  the  resonator  resonance  frequency  using  a  phase 
loop.  An  attenuator  enables  to  drive  the  crystal  at 
different  levels,  and  measuring  for  each  of  these  le¬ 
vels  the  corresponding  frequency,  the  A-F  curve  can  be 
obtained  directly.  On  the  other  hand  by  sweeping  the 
source  frequency  with  a  low  frequency  generator  the 
resonator  amplitude  and  phase  resonance  curves  are 
plotted. 

The  samples  under  test  were  either  crystal  blanks 
put  between  two  auxiliary  electrodes  with  an  air  gap, 
or  resonators  plated  and  mounted  inside  a  metal  enclo¬ 
sure.  Each  blank  was  laped  to  give  a  plano-convex 
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shape  with  a  given  curvature  radius  between  500  mm 
and  150  mm.  In  the  case  of  the  air  gap  the  same  cur¬ 
vature  was  given  to  the  upper  electrode. 

The  measurements  were  performed  as  a  function  of 
the  rotation  angle  from  0°  to  25°.  The  corresponding 
angle  n  was  adjusted  in  order  to  minimize  the  thermal 
effects.  The  resonance  frequencies  were  in  the  range 
between  3  MHz  and  6  MHz. 

On  figure  7  are  shown  the  variation  of  the 
Amplitude-Frequency  effect  of  thickness  shear  3rd 
overtone  resonators  as  a  function  of  for  two  values 
of  the  curvature  radius  r  *  200  mm  and  r  *  300  mm. 

The  A-F  effect  which  is  given  on  these  curves  is  de¬ 
fined  as  the  relative  difference  6  between  the  reso¬ 
nance  frequency  value  measured  for  a  driving  current 
I  of  2  mA  and  the  value  obtained  by  extrapolation  for 
I  going  to  zero.  The  A-F  effect  is  decreasing  and  a 
lower  value  is  obtained  for  Y  near  24°  and  25°. 

Figure  8  shows  the  same  results  as  a  function  of 
the  curvature  radius  r  for  ■  18°,  19°,  20°  and  21°. 
For  the  small  radius  (r  *  150  mm)  the  A-F  effects  are 
still  function  of  the  crystal  orientation,  but  for 
r  5  400  mm  the  effect  is  becoming  very  low  and  keeps 
about  the  same  value  for  the  four  orientations. 

On  figure  9  are  presented  the  results  of  measu¬ 
rements  corresponding  to  resonators  vibrating  on  the 
5th  overtone.  In  this  case  the  experimental  data  are 
more  dispersed  than  for  the  3rd  overtone,  and  are  not 
so  reproductible,  mainly  when  using  the  air  gap.  Ne¬ 
vertheless  for  curvature  radius  between  300  and  500  mm 
all  the  points  are  located  inside  a  strip  (represen¬ 
ted  on  the  figure)  which  is  following  the  same  law  as 
for  the  previous  curves.  For  r  =  200  and  150  mm  the 
frequency  change  is  more  important  but  defining  a 
precise  law  would  need  more  experimental  data  points. 

Figure  10  also  shows  the  A-F  effect  as  a  func¬ 
tion  of  the  curvature  radius  for  'f  =  18°,  19°,  20° 
and  21°.  The  general  variation  law  is  almost  the  same 
one. 

These  results  depict  the  general  behavior  of  the 
A-F  effect  and  show  the  influence  of  the  crystal 
orientation.  However  the  curvature  radius  of  plano¬ 
convex  plates  strongly  contribute  to  the  behavior  by 
building  up  the  trapping  of  the  energy  at  the  plate 
center.  To  compare  the  A-F  behavior  of  crystals  with 
different  orientations  it  is  necessary  to  use  all  the 
time  the  same  level  of  driving  power.  A  value  of  cur¬ 
rent  of  2  mA  was  used  as  reference.  This  will  corres¬ 
pond  to  an  excitation  at  constant  power  if  the  reso¬ 
nators  keep,  whatever  orientation  is,  the  same  motio¬ 
nal  elements.  In  fact  these  elements  change,  and  par¬ 
ticularly  the  motional  capacitor  and  the  motional  in¬ 
ductor.  Figure  1 1  shows  the  variation  of  the  inductor 
Lj  as  a  function  of  f .  This  curve  is  deducted  from 
the  results  presented  by  Ballato*  and  depicts  the  in¬ 
crease  of  Lj  for  a  doubly  rotated  cut  at  constant 
frequency  with  respect  to  the  corresponding  inductor 
of  a  AT  cut.  It  becomes  necessary  to  take  this  varia¬ 
tion  into  account  if  the  resonator  is  not  driven  exac¬ 
tly  at  its  resonance  frequency. 

If  the  results  are  really  compared  at  constant 
excitation  power,  a  decrease  of  the  curvature  radius 
induces  an  energy  density  increase  in  the  active  part 
of  the  crystal.  The  energy  per  unit  volume  getting 
more  important  the  A-F  effect  is  thus  increased. 


This  A-F  effect  follows  a  quadratic  law  as  a  func¬ 
tion  of  current,  which  is  given  by  equation  (7).  The 
caracteristic  coefficient  k  is  calculated  from  the  lo¬ 
cus  of  the  resonance  curve  maximum. 

Figure  12  shows  these  amplitude  resonance  curves 
for  resonators  vibrating  on  their  3rd  overtone  in  the 
case  of  AT  cut  and  cuts  with  Y  *  19°  and  'f  *  24°,  with 
curvature  radius  equal  to  300  ram.  Figures  13  and  14 
present  the  same  resonance  curves  in  the  case  of  the 
5th  overtone  for  AT  cut  and  Y  *  10°,  Y  *  20°  and 
f*  24®,  using  the  same  curvature  radius  of  300  mm. 

The  correspond  values  of  the  A-F  coefficient  are  given 
in  table  1. 


curvature  radius 

r  »  300  mm 

A-F  coefficient 
k  (mA~2) 

crystallographic 

cut 

0.2  x  10-6 

AT 

3rd  overtone 

0.045  x  10~6 

f  -  19° 

0.02  x  10-6 

f  -  24° 

-6 

0.2  x  10 

AT 

0.11  x  10-6 

f  -  10° 

5th  overtone 

0.05  x  10~6 

f  =  20° 

0.02  x  10~6 

f  -  24° 

table  1 


Figure  15  shows  the  resonance  curves  of  a  reso¬ 
nator,  with  a  curvature  radius  equal  to  400  mm  and 
f  *  20°,  which  has  for  the  3rd  overtone  an  A-F  coef¬ 
ficient  k  equal  to  0.004  x  10~^  mA“^  and  for  the  5th 
overtone  a  coefficient  of  0.02  x  10"®  mA"^.  These  two 
last  results  are  those  presenting  the  lowest  A-F  ef¬ 
fect  among  the  resonators  which  were  studied.  For  the 
3rd  overtone  k  is  50  times  lower  as  for  the  correspon¬ 
ding  AT  cut. 

Conclusion 

These  measurements  show  it  is  possible,  by  the 
choice  of  appropriated  doubly  rotated  cut  and  vibra¬ 
tion  mode,  to  decrease  by  an  important  factor  the 
A-F  effect.  However  the  curvature  radius  of  the  plano¬ 
convex  plate  by  energy  trapping  has  a  large  influence 
on  the  value  of  the  A-F  coefficient  k  and  therefore 
it  is  necessary  to  use  a  large  curvature  radius  to 
minimize  the  non  linearities.  But  trapped  energy  re¬ 
sonators  also  need  a  small  curvature  radius  to  obtain 
high  0  factors.  It  is  therefore  necessary  to  choose  a 
compromise  between  low  A-F  behavior  and  high  Q  factor. 

Resonators  with  low  non  linear  effects  will  ena¬ 
ble  to  make  oscillators  with  better  spectral  purity, 
by  increasing  the  oscillation  level  and  therefore  the 
signal  over  noise  ratio.  But  also  these  oscillators 
will  have  a  better  long  term  stability  by  decreasing 
the  influence  of  slow  variations  of  the  driving  power. 
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Fig.  1.  Angles  defining  doubly  rotated  cuts. 


Fig.  2.  Schematic  for  determining  crystal  current. 


Fig.  3.  Theoretical  and  experimental  phase  transients  following  step 
functions  of  crystal  current. 
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Fig.  4.  Experimental,  long  period  phase  transients 
of  doubly  rotated  quartz  cut. 


Fig.  6.  Measurement  setup  used  to  obtain  crystal 
frequency-current  response. 


Fig.  5.  Frequency  transient  responses  to  laser 
beams  applied  to  different  portions  of 
the  crystal  surface. 


5  (imtmthM  (imqMncv  variation  tor  1. 1mA) 


Fig.  7.  Variation  of  amplitude-frequency  effect 
with  angle  of  rotation  about  optical 
axis.  (Third  overtone  resonators.) 


Fig.  9.  Variation  of  amplitude-frequency  effect 
with  angle  of  rotation  about  optical 
axis.  (Fifth  overtone  resonators.) 
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Fig.  10.  Variation  of  amplitude-frequency  effect 
with  curvature  radius  of  resonator. 
(Fifth  overtone  resonators.) 


Fig.  12.  Amplitude- frequency  resonance  curves  for 
third  overtone  units  having  phi  angles  of 
0°(AT-cut)  and  10°. 
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Fig.  13.  Amplitude-frequency  resonance  curves  for 
fifth  overtone  units  having  phi  angles 
of  0°  (AT-cut)  and  10°. 


normalized  to  that  of  >  A.T.  CUT  having  aqual  frequency 


Fig.  11.  Motional  inductance  of  doubly  rotated 
cuts  normalized  to  that  of  an  AT-cut  of 
equal  frequency. 


S,h  OVERTOBC 

Fig.  14.  Amplitude-frequency  resonance  curves 
for  fifth  overtone  units  having  phi 
angles  of  20°  and  240. 


Fig.  15.  Amplitude-frequency  resonance  curves 
for  the  third  and  fifth  overtones  of  a 
unit  having  the  phi  angle  of  20°. 
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TEMPERATURE  INDUCED  FREQUENCY  CHANGES  IN  ELECTRODED 
AT-CUT  QUARTZ  THICKNESS-SHEAR  RESONATORS 


H.F.  Tiersten  and  B. K.  Sinha 
Department  of  Mechanical  Engineering, 
Aeronautical  Engineering  c  Mechanics 
Rensselaer  polytechnic  Institute 
Troy,  New  yorlt  12181 


Abstract 


A  perturbation  analysis  of  the  general  linear 
electroelastic  equations  for  small  dynamic  fields 
superposed  on  a  static  bias  has  been  performed.  The 
bias  may  be  either  electrical  or  mechanical  or  both. 

The  equation  for  the  first  perturbation  of  the  eigen¬ 
value  obtained  in  that  analysis  forms  an  important  part 
of  this  analysis.  In  this  work  a  system  of  approximate 
equations  for  the  determination  of  thermal  stresses  in 
piezoelectric  plates  with  thin  films  of  a  different  ma¬ 
terial  plated  on  the  surfaces  is  derived.  The  plate 
equations  are  obtained  by  making  a  suitable  expansion 
of  the  pertinent  variables  in  the  thickness  coordinate, 
inserting  the  expansion  in  the  appropriate  variational 
principle  and  integrating  with  respect  to  the  thickness 
in  the  manner  of  Mindlin.  Conditions  resulting  in  both 
extensional  and  flexural  stresses  are  considered.  The 
particular  case  of  purely  extensional  thermal  stresses 
resulting  from  electrodes  of  equal  thickness  plated  on 
the  major  surfaces  of  a  rotated  Y-cut  quartz  plate  of 
uniform  thickness  is  treated  in  detail.  The  attendant 
thermal  biasing  stresses  and  strains  produce  a  change 
in  resonant  frequency  when  substituted  in  the  aforemen¬ 
tioned  equation  for  the  first  perturbation  of  the 
eigenvalue  due  to  a  bias.  Calculations  are  performed 
for  gold  strip  electrodes  running  in  various  directions 
on  AT-cut  quartz  plates. 

1.  introduction 

A  perturbation  analysis  of  the  linear  electro¬ 
elastic  equations  for  small  fields  superposed  on  a  bias 
has  been  performed  .  The  change  in  resonant  frequency 
due  to  any  bias  such  as,  e.g.,  a  residual  stress  may 
readily  be  obtained  from  the  resulting  equation  for  the 
first  perturbation  of  the  eigenvalue  if  the  bias  is 
known.  The  use  of  this  perturbation  equation  has  al¬ 
ready  been  shown  to  be  extremely  accurate  in  the  deter¬ 
mination  of  changes  in  the  surface  wave  velocity  of 
crystals  due  to  flexural  biasing  stresses  . 


where  iiu  and  tv  are  the  unperturbed  and  perturbed  eigen- 
frequencies,  respectively,  and 


\  - 1  -  *£a  ♦  “ 


+  £n  t 

y  L,  1/  ]  av, 


(2.2) 


in  which  S  is  a  surface  enclosing  a  volume  V.  In  (2.2) 
Nl  denotes  the  unit  normal  to  the  undeformed  surface  at 
the  reference  temperature,  uY  denotes  the  mechanical 
displacement  vector  and  tp  denotes  the  electric  potential 
The  linear  stress  Kify  and  electric  displacement  vector 
are  given  by  the  usual  linear  piezoelectric  consti¬ 
tutive  relations 


2L-yMaUCK,M  +  eMVLt?,  M’ 

e  u  -to 
L\M  Y,  M  LM  ,  M  ’ 


and  as  usual  satisfy 


(2.3) 


(2.4) 


The  nonlinear  contributions  to  the  Piola-Kirchhof f 
stress  tensor  k£y  and  reference  electric  displacement 
vector  $1  take  the  respective  forms1 


^  =  e 


»  c  u  t  e  o 
Y  LYMa  a,  M  MYL  ,  M  ’ 


u  -  e  cp 

L  L’YM  Y,  M  LMy,M  * 


(2.5) 


where  cLYM<2,  eMYi  and  cLm  are  effective  material  con¬ 
stants  that  depend  on  the  biasing  state1  .  Clearly,  the 
total  dynamic  Piola-Kirchhof f  stress  tensor  and  refer¬ 
ence  electric  displacement  vector  are  given  by 


\y  =  Ky  +  Ky 


+  -i  ■ 


(2.6) 


In  this  paper  a  system  of  approximate  plate  equa¬ 
tions  for  the  determination  of  thermal  stresses  in  thin 
piezoelectric  plates  coated  with  much  thinner  films  is 
derived  in  the  manner  of  Mindlin3”5 .  The  resulting  ap¬ 
proximate  equations  simplify  the  treatment  of  many 
thermal  stress  problems  considerably,  and  the  three- 
dimensional  detail  not  included  in  the  approximate  de¬ 
scription  is  not  deemed  to  be  important  for  our  pur¬ 
poses.  Both  extensional  and  flexural  equations  are  ob¬ 
tained.  The  case  of  purely  extensional  thermal  stresses 
arising  from  identical  electrodes  on  a  rotated  Y-cut 
quartz  plate  is  treated  in  detail  and  the  resulting 
change  in  resonant  frequency  is  calculated  from  the 
equation  for  the  first  perturbation  of  the  eigenvalue. 
Calculations  are  performed  for  gold  strip  electrodes 
running  in  different  directions  on  large  flat  AT-cut 
quartz  plates. 


2.  Perturbation  Equations 

The  equation  for  the  first  perturbation  of  the 
eigenvalue  obtained  from  the  perturbation  analysis 
mentioned  in  the  Introduction  may  be  written  in  the  form 
A  *  H  /2oj  U)  =  -  A  ,  (2.1) 


The  vector  denotes  the  normalized  mechanical  dis¬ 
placement  for  the  p,th  unperturbed  mode  and  &  denotes  the 
normalized  electric  potential  for  the  p.th  mode,  i.e., 

u^  -*1. 

yY  ^ 


_  V 


(2.7) 


where 


2  u  u  , 

N  =  r.u  \r  dv  , 

H  *■  'i  v 

V 


(2.8) 


The  normalized  stress  tensor  and  electric  displace¬ 
ment  vector  d^,  both  for  the  normalized  ^th  mode,  are 
given  by  the  linear  piezoelectric  constitutive  relations 
(2.3)  when  uY  and  cp  are  replaced  by  ^  and  f*  ,  respect¬ 
ively.  The  upper  cycle  notation  for  many  dynamic 
variables  and  the  capital  latin  and  lower  case  greek  in¬ 
dex  notation  is  being  employed  for  consistency  with. 
Ref.l,  as  is  the  remainder  of  the  notation  in  this  sec¬ 
tion. 


When  the  electrical  and  electroelastic  nonlineari¬ 
ties  are  ignored  we  have  e^v  =0,  e»nv  =  0,  and 
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where 
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The  nth  order  plate  strains  take  the  usual  form 

where  2 
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and  w,  denotes  the  static  biasing  displacement  field. 
Thus,  in  this  description  the  present  position  g  is  re¬ 
lated  to  the  reference  position  X  by 

X«L,t)  -  X  +  *0 1^)  +  u(XL,t)  .  (2.11) 

It  has  been  shown6  that  for  the  cases  of  interest 
here,  (2.2)  may  be  replaced  by  the  considerably 
simpler  form 

v-  r w,l  av- 1  dv-  <2-i2> 


3.  static  Plate  Equations 

A  schematic  diagram  of  the  plated  crystal  plate  is 
shown  in  Fig.l  along  with  the  associated  coordinate 
system.  Referred  to  this  coordinate  system  the  static 
form  of  Kindlin' s  plate  equations  may  be  written3 


and  since  the  platings  are  isotropic  in  the  plana 

vabcd  “  ^o9ab®cd  +  **  *9ac9bd  +  ®ad9bc*  ’ 

l'-7;i,l'/(X'  +  2p')  ,  -  [Jp'px'  + 


+  4i')/(X'  +  4i'))cr'6, 


AB 


(3.11) 


which  are  for  the  upper  plating  and  similar  equations 
hold  for  the  bottom  plating,  but  with  double  primes  re¬ 
placing  the  primes.  In  order  to  obtain  the  static  equa¬ 
tions  for  the  plated  crystal  plate  we  need  the  boundary 
conditions  at  all  interfaces.  The  traction  conditions 
take  the  form 


r2j' 


T'jO/)  -  0, 


2j 


T2j(-h  ) 


2jl 


2J 


0, 

<-h)  , 


(3.12) 


and  the  conditions  of  continuity  of  mechanical  dis¬ 
placement  take  the  form 

w<°>,-w<°>+hw‘1>+h2w<2>  , 


(3.1) 


W<°>  -„I(0,-hw'1>+h2w(2) 


(3.13) 


where  A,  B,  C,  D  take  the  values  1  and  3  and  skip  2  and 


*2-  FJ  “  tW-h  *  <3‘2> 


At  this  point  in  order  to  simplify  the  treatment 
s  cane  what,  we  ignore  the  elastic  constants  that  cause 
coupling  between  shear  and  extension  in  the  constitutive 
equations  .  In  obtaining  the  extensional  equations  we 

first  allow  for  the  free  thickness  strain  by  making  the 

... _ _ 


The  linear  thermoelastic  constitutive  equations  for  the 
mth  order  stress  resultants  for  homogeneous  temperature 

excursions  0  take  the  form 
2 


assumptions 


r(0> 
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0,  T. 
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(3.14) 


the  second  of  which  is  required  for  consistency  by 
virtue  of  (3.1).  Employing  (3.14)  in  the  reduced  form 
of  (3.3)  in  the  usual  manner3,  we  obtain  the  extensional 
constitutive  equations  in  the  form 


where  we  have  taken  the  liberty  of  dropping  the  lower 
script  2  on  the  C|  jh,  the  V|  j  denote  the  thermoelastic 
constants  and 
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The  thermoelastic  constants  V|  j  are  related  to  the  coef¬ 
ficients  of  linear  expansion  tr<t  by  the  usual  relation7 
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The  static  form  of  Mindlin's  simplified  exten¬ 
sional  equations  for  the  very  thin  electrode  platings 
may  be  written6 


where 
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(3.16) 
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equations  in  the  form 


From  (3.1),  with  (3.14)1p.2>  we  obtain  the  second  order 
extensional  equation's10 

T(°’  +F*0)=°,  T<2)  +  f<2>  =  0  •  (3.17) 

AB,  A  B  ’  AB,A  B 

In  this  approximation  from  (3.6)  the  pertinent  plate 
strains  S*|p  (n^o,  2)  take  the  form 

S(n)=w(n>  Sln)=w(n>  S(n>  =  -  (w(n)  +w'n)J 
11  1,1’  *33  3,3>  *13  2  1  1,3  3,1'  ’ 

(3.18) 

When  written  out  the  constitutive  equations, (3.10)  for 
the  upper  electrode  plating  take  the  form 

T(°’  =  2h'[  (\,  +  2ti')w(0)  +  AV|°3  ]  -  2hV'9  , 

11  o  X,  1  o  3, 3  1 
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where  c{x ,  and  c\$  are  given  in  (3.16).  From  (3.6) 
and  (3.25)  we  find  that  the  pertinent  plate  strains 
take  the  form 


.(1) 


1  (W(1)  +  w(1|)=-  W<0) 

2  1  A.B  B,a'  2,  AB 


(3.27) 


From  (3.1),  with  (3.24)!,  we  obtain  the  usual  flexural 
equations 


T(0>  +F(0,  =  0  "(1)  -T(0,+F(1) 

B2,B  2  ’  AB.  A  2B  B 


(3 . 20 


and  similar  equations  exist  for  the  lower  electrode 
plating,  but  with  primes  replaced  by  double  primes. 

In  the  case  of  these  extensional  equations  the  dis¬ 
placements  w£0^ 9  and  in  the  upper  and  lower 

electrode  platings,  respectively,  are  given  by 

+h2vp>  ,  +h2wiS)  .  (3.20) 

The  equations  for  the  plated  crystal  plate  are  obtained 
by  employing  (3.12)  in  (3.9)  for  both  the  upper  and 
lower  platings  and  then  inserting  (3.9)  for  both  plat¬ 
ings  in  (3.  2)2, with  the  result 

The  substitution  of  (3.21)  into  (3.17)  yields 


where  we  have  taken  proper  account  of  the  fact  that  the 
(3.19)  thickness- shear  stress  resultants  T2?  ^  exist  even  though 
the  associated  thickness-shear  plate  strains  van¬ 

ish.  The  substitution  of  (3.28)2  into  (3.28)!  yields 

,(1) 


*  +  F(l)  +  p(0)  _ 

AB,AB  B,B  2  “  1 


(3.29) 


which  is  the  equation  of  the  flexure  of  thin  plates. 

The  equation  of  flexure  for  the  plated  crystal  plate  is 
obtained  by  employing  (3.12)  in  (3.9)  for  both  the 
upper  and  lower  platings  and  then  inserting  (3.9)  for 
both  platings  in  (3,2)2,  with  the  result 
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(3.30) 


In  this  case  of  flexure  the  displacements  w;  ’  and 
wj°>",  in  the  upper  and  lower  electrode  platings,  re¬ 
spectively,  are  given  by 


which  are  the  second  order  extensional  equations  of 
equilibrium  of  the  plated  crystal  plate.  Clearly  on  an 
edge  of  the  plated  crystal  plate,  the  traction  boundary 
conditions  that  accompany  (3.22)  are10 

(0)  (0)'  (0)"  -(0) 

Vtab  +tj!b  +tab  1=tb  ’ 

N  (T(0)  +hV0)'  +  T(0,")l  =  T(2)  (3  23) 
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The  substitution  of  (3.30)  into  (3.29)  yields 
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AB 
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(3.31) 


(3.32) 


which  is  the  equation  of  static  flexure  for  the  plated 
crystal  plate.  The  edge  conditions  for  the  plated 
plate  are  the  same  as  in  the  elementary  theory  of  flex¬ 
ure  of  thin  plates  when  the  moments  are  given  by  the 
quantities  in  brackets  in  (3.32). 

4 .  Strip  Electrodes  on  AT-Cut  Quartz  plates 


where  the  5$“'  represent  applied  traction  resultants  on 
the  edge.  Hie  alternative  displacement  conditions  are 
on  *4°  ‘  and  *4* ' . 

Since  the  upper  and  lower  electrodes  can  have  dif¬ 
ferent  thicknesses  2h'  and  2h  ,  flexure  can  occur  even 
though  the  temperature  change  9  is  homogeneous.  In  ob¬ 
taining  the  flexural  equations  we  first  allow  for  the 
free  thicknesa-strain  by  making  the  assumptions10 

T22!  ‘  °-  T»  ’  °-  <3  24> 

the  second  of  which  is  required  for  consistency  by  vir¬ 
tue  of  (3.1).  In  addition,  as  usual  in  the  elementary 
theory  of  flexure  we  take  the  thickness-shear  plate 
strains  Sa* *  to  vanish18,  which  with  (3.6)  yields 


<l)  -  -  *5  • 


(3.25) 


Employing  (3.24)  in  the  reduced  form  of  (3.3)  in  the 
usual  manner*,  we  obtain  the  flexural  constitutive 


In  this  section  we  apply  the  equations  presented 
in  the  last  two  sections  to  the  case  of  identical  strip 
electrodes  running  in  an  arbitrary  direction  on  an  AT- 
cut  quartz  plate.  A  schematic  diagram  of  the  clec- 
troded  plate  is  shown  in  Fig. 2.  The  Xj -coordinate  axis 
shown  in  the  figure  makes  an  angle  V  with  the  digonal 
axis.  Since  the  plate  is  not  constrained  on  the  free 
edges  normal  to  the  Jfe-axis,  we  introduce  the  condi¬ 


tions' 
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which  permit  f ree-expansion  in  the  X3 -direction.  From 
(3.15),  with  (4.1),  we  obtain  the  non-tnvial  consti¬ 
tutive  equations 


T(0)  „  3h 

T11  -  2h  CUS11 


2  ,3... *  (2) 

3  h  cnsu  -2,Klll  • 
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Similarly,  introducing  the  conditions 

-  (0)  '  „  •'(0)' 

T  =0  T  =0 

33  '  a13  j 


For  the  nth  harmonic  thickness-shear  mode  it  is  well 
(4.3)  known  that  to  a  very  high  degree  of  accuracy10  we  have 

nTT  v  iU>nt  nTt  7^66 

Uln  =  Sln  2h  V  -  “n  "  2hJ~T  >  <4‘13) 


c66  =  c66  +  e26/e22  • 


in  the  electrode  plating,  from  (3.10)  and  (3.11)  we 
obtain 

=  2h,E,S^°)  -2h'a,E,e)  (4.5) 

where  E#  is  young’s  modulus  for  the  electrode  material. 
Under  these  circumstances  the  non- trivial  differential 
equations  (3.22)  take  the  form 

,-0.  ,=  0,  (4.6, 


in  the  electroded  region.  Since  all  stress  resultants 
vanish  in  the  unelec troded  region,  from  the  boundary 
conditions  (3.23)  we  have 

A  (0)  A  (0)  '  ~  (2)  2a  (0)  ' 

T11  +2T11  =  0>  T11  +2hTll  =0atX1=je,  (4.7) 

and  (4.6)  is  satisfied  if  (4.7)  holds  for  all  | |  <  4. 
Substituting  from  (4.2)  and  (3.18)  into  (4. 7),  we  obtain 

a  £,<°>+a  W(2>  =  A(0,e  a  w(0)  +a  £<2)-A(2)e 

11  1,1  12  1,1  A  >  ai2  1,1  a22  1,1  A  6’ 


ail=2thSll  +  2h,E,1>  ai2  =  2h2[l  Sii  +  2h'E'] 
a22  =  2h4Li  S**  +  2hV],  A(0)  =  2<hq*  +  2h'otV> 

a(2)  =  2h2(J-  v**  +  2h'aV)  .  (4 


Equations  (4.8)  constitute  two  linear  inhomogeneous 
equations  in  wjJJ  and  w^£,  which  may  readily  be  solved 
for  a  given  temperature  change  0.  In  order  to  calcu¬ 
late  the  change  in  frequency  from  this  solution  of  the 
approximate  plate  equations,  we  must  have  the  associ¬ 
ated  three-dimensional  displacement  field  wK,  which  to 
the  order  of  approximation  employed  takes  the  form 

\<0)+*2A2)> 

where  w^°  *  and  wp ^  are  determined  from  the  solution 
of  (4.8)  and 

A  *  A  *  A^ 
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From  (4. 13 )i and  (2.8)  we  have 

N2  =  ph,  (4.15) 

which  with  (2.7)1and  (4. 13)1yields 
l  iu>  t 

9ln=  <1/Ph)’tsin  nTTX2/2h]e  n  ,  n«l,3,5,  ...  .  (4.16) 

Substituting  from  (4. 10), with  (4.11),  into  (2.9)  and 
(2.10)  and  then  from  (2.9)  and  (4.16)  into  (2.12)  and 
performing  the  integration  with  respect  to  thickness10, 
we  obtain 

H  - -  |  l  [  (2c, ,  +  c. -  ,  )sin2  V  +  c_ -  -  cos2  V)  w*°] 

n  pnn  L\  66  166  366  1,1 

Ml)  ,  ,  2  .  2  ,M0)\  n3rr3 

+  C266W2  +  2c66  +c166  COS  Y  +  C366  Sln  YlW3,3)—r 


(2  2  a  (2 )  a 

f(2c66+C166)Sin  Y+C366  COS  Vl  “l.  1  +  3c266W 


The  change  in  eigenf requency  for  an  AT-cut  quartz 
thickness-shear  resonator  due  to  strip  electrodes  may 
now  be  obtained  by  substituting  from  (4.10)  ,  with  (4.11), 
into  the  pertinent  equations  in  Sec. 2.  When  specialized 
to  the  case  of  the  nth  harmonic  of  thickness-shear, 

Eqs. (2,1)  may  be  rewritten  in  the  form 

i  =  H  /2a;  ,  cjy  *=  in  -  A  .  (4.12) 

n  n  n  *  n  n 
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The  change  in  frequency  with  temperature  due  to  identi¬ 
cal  strip  electrodes  of  thickness  2h /  plated  on  large 
flat  AT-cut  quartz  plates  may  now  be  calculated  from 
(4.17)  and  (4.12)  for  strips  making  an  angle  y  with 
respect  to  the  digonal  axis.  The  calculation  is  re¬ 
stricted  to  AT-cut  quartz  plates  because  the  change  in 
the  elastic  constants  with  temperature  has  not  been  in¬ 
cluded  in  the  analysis  and  presumably  the  change  in 
frequency  due  to  the  change  in  constants  with  tempera¬ 
ture  is  exactly  compensated  by  the  change  in  frequency 
due  to  changes  in  strain  with  temperature  for  the  un- 
electroded  AT-cut  quartz  plate.  Consequently,  for  the 
AT-cut  quartz  plate  with  strip  electrodes,  the  change 
in  frequency  with  temperature  due  to  identical  elec¬ 
trodes  of  thickness  2h 9  is  obtained  by  subtracting  the 
change  in  frequency  obtained  from  (4.17)  and  (4.12) 
for  h'^0  from  that  obtained  using  the  known  value  of 
2h/.  Since  certain  anisotropic  constants,  which  we 
deem  to  be  relatively  unimportant,  have  been  ignored 
in  this  treatment0”1  ,  there  is  a  small  dependence  in 
the  change  in  frequency  on  the  angle  y  for  the  case 
h'^0,  which  in  reality  cannot  exist.  However,  since 
this  same  unwarranted  anisotropic  effect,  which  is  a 
result  of  the  analytical  procedure,  exists  in  the  case 
of  the  actual  electrode  thickness  2h '  also  and  the  two 
calculations  are  subtracted  to  obtain  the  result,  this 
small  unwarranted  anisotropy  in  the  calculation  is  in¬ 
significant10  insofar  as  the  end  results  are  concerned. 
Calculations  have  been  performed  using  the  known  third 
order  elastic  constants1  F  for  the  case  of  4000  A  thick 
gold  strip  electrodes  on  a  fifth  overtone  5  MHz  AT-cut 
quart2  plate  as  a  function  of  the  angle  y  between  the 
strip  and  the  digonal  axis  and  the  results  are  plotted 
in  Fig. 3.  The  curve  has  the  symmetry  shown  in  the 
figure  because  the  digonal  axis  (X* )  is  a  two-fold 
rotation  axis.  In  Fig. 4  the  calculated  change  in  re¬ 
sonant  frequency  for  gold  strip  electrodes  running 
normal  to  the  digonal  direction  (y«tt/2)  is  plotted  as 
a  function  of  the  thickness  of  the  electrodes. 
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1 .  Schematic  Diagram  of  the  Plated  Crystal  Plate 


2.  Schematic  Diagram  of  the  Plate  Coated  with  Identical 
Strip  Electrodes 


1.  Change  in  Resonant  Frequency  per  '  K  for  Wide  Gold  Strip 
Electrodes  4000  A  Thick  on  a  Large  Flat  AT-Cut  Quartz 
Plate  as  a  Function  of  the  Angle  Between  the  Strip  and 
the  Digonal  Axis 
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CHANGE  IN  RESONANT  FREQUENCY  (PPM/°K) 


ELECTRODE  THICKNESS  (A) 


4.  Change  in  Resonant  Frequency  per  °K  for  Wide  Gold  Strip 
Electrodes  Running  Normal  to  the  Digonal  Axis  on  a  Large 
AT-Cut  Quartz  Plate  as  a  Function  of  the  Electrode 
Thickness 
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Summary 

The  changes  in  the  thickness-shear  resonance 
frequencies  of  a  circular,  rotated  Y-cut  of  quartz 
plate  subject  to  in-plane  steady  accelerations  vas 
found  to  be  a  function  of  the  direction  and 
magnitude  of  the  acceleration,  the  orientation  of 
the  crystal  cut,  the  diameter-to-thickness  ratio  of 
the  plate,  and  the  numbers  and  positions  of  the 
metal  ribbon  supports  at  the  edge  of  the  crystal. 

The  purpose  of  the  present  study  is  to  inves¬ 
tigate  how  the  support-configuration  will  influence 
the  acceleration  sensitivity  of  a  resonator.  An 
AT-cut  circular  quartz  plate  with  four  metal  ribbon 
supports  is  chosen  for  a  systematic  parametric 
study. 

In  order  to  examine  the  influence  of  the  sup¬ 
port-configurations  on  the  frequency  changes,  the 
support-configuration  is  changed  from  a  reference 
configuration  by  displacing,  or  instance,  one 
support  in  increments  of  15°  counter-clockwise 
while  holding  the  other  supports  fixed.  Fbr  each 
displaced  configuration,  the  frequency  changes  due 
to  acceleration  are  computed  as  a  function  of  the 
acceleration  direction.  In  the  same  manner, 
computations  are  performed  for  a  total  of  seven 
series  of  configuration  variations.  Then  in  each 
series,  the  particular  support-configurations  and 
acceleration  directions  are  identified  as  giving 
maximum  and  zero  acceleration  effects. 

Introduction 

In  a  previous  paper*-,  the  changes  in  the 
resonance  frequencies  of  the  coupled  thickness-shear 
and  flexural  vibrations  of  a  circular,  rotated 
Y-cut  of  quartz  subject  to  in-plane  steady  accel¬ 
erations  were  studied  by  employing  the  equations 
of  plate  vibrations^  in  which  the  initial  fields 
of  stress  and  strain  and  the  nonlinear  stress-strain 
relations  contributed  by  the  third-order  elastic 
stiffnesses  are  taken  into  account.  The  changes  in 
the  resonance  frequencies  due  to  accelerations 
were  obtained  by  a  perturbation  method.  The 
predicted  values  were  compared  to  the  experimen¬ 
tally  measured  ones3  with  good  agreement. 

It  vas  found  that  the  changes  in  the 
thickness-shear  resonance  frequencies  due  to  the 
initial  accelerations  of  a  circular  plate  supported 
by  metal  ribbons  around  the  edge  (See  Fig.  1) 
depend  upon  the  direction  and  magnitude  of , the 
acceleration,  the  orientation  of  the  crystal  cut. 


the  diameter-to-thickness  ratio  of  the  plate,  and 
the  number  of  supports  and  their  positions.  This 
functional  relation  may  be  expressed  as  follows. 


^  .  M  ■  F(*,G,6,R/b,o1,n)  (1) 

where 

f  thickness-shear  and  flexural  resonance 
frequency  of  the  plate  with  no  accel¬ 
eration, 

Af  frequency  changes  due  to  acceleration, 
n0,an  dimensionless  frequency  and  its  changes, 

<)>  angle  denoting  the  direction  of  the  accel¬ 
eration  with  respect  to  the  xj-axis, 

G  magnitude  of  the  body  force  per  unit 

volume  which  is  equivalent  to  the  product 
of  mass  density  of  the  crystal  and  the 
acceleration, 

8  orientation  of  the  rotated  Y-cut, 

R/b  diameter-to-thickness  ratio, 

oj  angles  denoting  the  positions  of  the  sup¬ 
ports,  with  respect  to  the  x,-axis,  and 
i  -  1,2,.. .n, 

n  total  number  of  supports,  which  can  be 
any  positive  integer  greater  than  two. 

Details  of  this  problem,  the  analytical 
formulation  and  its  solution  are  given  in  Refer.  1. 

Parametric  Study 

It  is  seen  from  (1)  that  the  frequency  changes 
may  be  affected  by  a  total  of  eight  parameters  for 
a  rotated  Y-cut  plate  with  four  supports.  The 
effect  of  each  one  of  these  parameters  mav  be 
studied  by  computing,  one  by  one,  the  frequency 
changes  vs.  a  range  of  values  of  a  chosen  parameter 
while  holding  the  values  of  the  rest  seven 
parameters  constant.  Although  the  procedure  is 
straight  forward,  it  shall  require  a  tremendous 
amount  of  time  in  computation,  and  in  presentati  n 
and  in  interpretation  of  the  results. 
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In  our  present  study  of  the  effects  of  support- 
configuration  on  the  acceleration-sensitivity  of 
the  resonators,  we  chose  an  AT-cut  plate  of  con¬ 
stant  diameter-to-thickness  ratio  and  subject  to  an 
in-plane  acceleration  of  15g.  Therefore  0  =  35°  15', 
R/b  *  8.88,  and  G  =  15pg  and  (1)  may  now  be  reduced 
to,  for  n  *  4 

=  F(^,a1,a2,a3,a^)  (2) 

where  (i  =  1,2, 3, 4)  control  the  configuration  of 
supports.  At  a  chosen  reference  support- 
configuration,  the  plate  is  supported  bv  four  metal 
ribbons  which  are  90°  apart  with  two  of  them  on 
the  axis  and  the  other  two  on  the  x-3  axis.  Hence 
we  have  -  0°,  a2  =  90°,  a3  =  180° ,  and  =  270° 
for  the  reference  configuration. 

For  a  systematic  study,  seven  series  of 
configuration  variations  are  considered.  They  are 
described  as  follows. 

Series  1:  The  support-configuration  is  varied 
from  the  reference  configuration  by  displacing  the 
support  originally  on  the  axis  in  increment  of 
15°  counter-clockwise  about  th<*  x2  axis  while 
holding  the  remaining  three  supports  fixed.  There¬ 
fore  described  in  terms  of  o,,  we  have  a2  *  90®, 
a3  =  180°,  a4  =  270°,  o^O’+mx  15°,  m  -  1,2,3... 

(See  Fig.  2). 

Series  II:  Similar  to  the  Series  I,  except 
that  it  is  the  support  originally  on  the  -X3  axis 
being  displaced.  Therefore  =  0®,  a 2  *  90®, 

a3  =  180°,  a4  =  270°  +  m  x  13°,  m  =  1,2, 3... (See 
Fig.  3). 

Series  III:  a1  =  0°,  a3  «  180°, 

a2  =  5®  +  m  x  15°,  =  -a2,  m  =  0,1,2,... 

(See  Fig.  4). 

Series  IV:  a2  = 90° ,  a4  =  270®, 
a1  *  265®-m  x  15°,  a3  =  275°  4-  m  x  15®,  m  *  1,2,... 
(See  Fig.  5). 

Scries  V:  aj  =  0®,  a4  -  270®, 
a 2  *  127  -  m  x  30®,  a3  =  143®  +  m  x  30°,  m  =  0,1,2, 
3... (See  Fig.  6). 

Series  VI:  a3  =  180®,  a4  =  270®, 

*  35®  -  m  x  30®,  a2  =  55®  +  m  x  30°,  ro  =  0,1, 2,3... 

(See  Fig.  7). 

Series  IIV:  a3  =  180°,  a4  -  270°, 
aj  -  15°  +  ra  x  30°,  m2  *  +  90* ,  m  =  0,1,2, 3... 

Fig.  8). 


Results  and  Conclusions 

Calculations  for  frequency  changes  are  made 
for  a  circular  AT-cut  quartz  plate  with  one  of  the 
digona?  axes  of  the  crystal  as  the  x^-axis  of  the 
coordinate  system.  The  diameter-to-thickness  ratio 
of  the  plate  is  chosen  to  be  R/b  =  8.88.  The  plate 
is  subject  to  an  acceleration  of  15g  and  supported 
by  four  nickel  ribbons  of  length  t  *  6.35mm  and 
rectangular  cross-section  (h|  -  0.076mm,  and 
h2  -  1.270mm).  The  Young's  modulus  for  Nickel  is 
E  «  4.82  x  10^  dyne/cm^. 

Frequency  changes  are  calculated  as  a  function 
of  the  acceleration  direction  for  each  configuration 
variation.  Results  are  presented  as  A f / Af x  vs. 

4  in  Figs.  2-8  corresponding  to  configuration 
variations  of  Series  I-VII,  respectively.  Afraax« 
chosen  as  the  nondimensional  factor  for 
frequency  changes,  is  the  maximum  frequency  change 
in  a  given  Series  of  configuration  variations. 

It  is  of  interest  to  note  that  in  each  Af  / 

Afmax  vs.  $  curve  there  exists  points  (directions  of 
acceleration)  of  relative  maximum  or  minimum  of 
frequency  changes  and  points  of  zero  frequency 
changes.  In  the  neighborhood  of  the  point  of 
maximum  frequency  changes,  Af  is  usually  less 
sensitive  to  the  changes  in  the  acceleration 
direction  (i.e.  d(Af /Afmax)/d4>  is  small),  while  in 
the  vicinity  of  the  point  of  zero  frequency  changes 
the  value  of  Af  is  quite  sensitive  to  the  changes 
of  acceleration  directions.  The  point  of 
maximum  frequency  changes  and  the  point  of  zero 
frequency  changes  are  usually  spaced  approximately 
90°  apart  from  each  other. 

The  effect  of  support-configuration  variations 
on  the  frequency  changes  can  be  seen  by  inspecting 
a  sequence  of  Af/Af^j.  vs.  <J>  curves  in  a  given 
Series.  For  instance,  it  may  be  seen  in  Fig.  2  for 
the  configuration  variations  of  Series  I  that  the 
maximum  frequency  changes  occur  at  ctj  =  60®,  and 
for  acceleration  directions  0  =  102®,  282®.  and 
the  directions  for  zero  frequency  changes  occur  at 
4  =  21®,  201®. 

In  Series  I,  II,  VII  (Fig.  2,3  and  8, 
respectively)  the  locations  of  the  points  of 
maximum  and  zero  frequency  changes  are  effected  bv 
the  changes  of  support-conf igurat i on .  In  Series 
III  and  IV  (Figs.  4  and  5,  respectively), 
directions  of  acceleration  for  maximum  and  zero 
frequency  changes  are  independent  of  eonf igurat ion 
changes,  however  the  magnitude  of  the  frequency 
changes  is  effected. 

Although  only  seven  Series  of  simple  support- 
conf  igurat  ion  variations  are  considered,  however 
through  the  present  parametric  studv  one  is  able 
to  see  how  the  frequency  changes  due  to  the  in-planc 
accelerations  are  influenced  bv  the  conf i gurat ion 
variations . 


The  changes  in  the  resonance  frequencies  are 
computed  as  a  function  of  the  acceleration  direction 
4  for  each  variation  of  the  support-configuration 
of  the  seven  Series  described  above. 


30 


Af  /Af 


References 


1.  P.  C.  Y.  Lee,  Kuang-Ming  Wu,  and  Y.  S.  Wang, 
Research  report  No.  77-SM-6,  Department  of 
Civil  Engineering,  Princeton  University, 
Princeton,  N.J.  (1977).  Also  Proc.  30th 
Annu.  Freq.  Control  Smyp.  1-8,  (1976). 


2. 


P.  C.  Y.  Lee,  Y.  S.  Wang,  and  X.  Markenscoff, 
J.  Accoust.  Soc.  Am.  57,  95-105  (1975).  Also 


Proc.  27th  Annu.  Freq 
(1973). 


Control  Symp.  1-6, 


3.  A.  W.  Warner,  Interim  Reps.  10-11,  Bell 
Telephone  Lab.  (1959).  And  W.  L.  Smith, 
Interim  Reps.  12-13  and  Final  Rep.,  Bell 
Telephone  Lab.  (1960). 


D  D 


Figure  2  -  Frequency  changes  Af/Afmax  as  a  function  of  acceleration 
direction  $  for  the  support  configuration  variation  of 
Series  I.  * 
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Figure  3  -  Frequency  changes  Af/AfMX  as  a  function  of  acceleration 
direction  4  for  the  support-configuration  variations  of 
Series  II. 


Figure  4  -  Frequency  changes  Af/Af*,,  ■*  •  function  of  acceleration 
direction  4  for  the  support  configuration  variation  of 
Series  III. 
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XI  AND  X3  FLEXURE,  FACE-SHEAR,  EXTENSION,  THICKNESS- 
SHEAR,  AND  THICKNESS-TWIST  MODES  IN 
RECTANGULAR  ROTATED  Y-CUT  QUARTZ  PLATES 


Thrygve  R.  Meeker 
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Sunniary 

Simple  transformations  of  variables  that  convert 
the  characteristic  matrix  of  the  set  of  fully-coupled 
two  dimensional  differential  equations  for  a  rotated 
Y-cut  quartz  plate  to  a  symmetric  matrix  are  presented. 
The  advantage  of  using  this  transformation  is  that 
efficient  algorithms  for  obtaining  the  eigenvalues  and 
eigenfunctions  of  such  a  system  of  equations  are  well- 
known.  Scientific  subroutine  packages  for  large  com¬ 
puting  machines  usually  implement  one  or  more  of  these 
algorithms.  Material  constants  presented  previously 
and  the  proposed  transformation  are  used  to  calculate 
roots  for  the  fully-coupled  dispersion  relations. 

These  dispersion  relations  allow  C56  to  have  a 
finite  value  and  allow  both  XI  and  X3  variation  at  the 
same  time.  In  these  dispersion  relations  flexure, 
face-shear,  extension,  thickness-shear,  and  thickness- 
twist  in  both  XI  and  X3  directions  are  all  coupled 
together.  In  order  to  visualize  the  meaning  of  these 
dispersion  relations,  simple  approximate  boundary  con¬ 
ditions  are  used  to  determine  the  modes  of  a  rectangu¬ 
lar  rotated  Y-cut  quartz  plate.  A  large  number  of 
plate  modes  result  from  the  different  number  of  stress 
half-wavelengths  along  each  direction  for  each  of  the 
five  mode  types.  These  modes  may  become  unwanted 
resonances  in  rotated  Y-cut  quartz  resonators. 

Introduction 

Unwanted  resonances  often  limit  the  usefulness  of 
crystal  resonators.  An  oscillator  circuit  may  lock  on 
one  of  the  unwanted  resonances  at  some  temperature  or 
drive  level,  producing  erratic  shifts  in  the  output 
frequency.  A  weaker  unwanted  mode  may  extract  energy 
from  the  wanted  mode  and  the  resulting  drop  in  resona¬ 
tor  Q  may  cause  a  loss  of  oscillation.  A  crystal  f  i 
ter  may  transmit  too  much  signal  at  the  unwanted  mode 
frequency  in  the  filter  stop  band  or  the  energy  ex¬ 
tracted  from  the  desired  mode  may  cause  undesired 
changes  in  the  dependence  of  pass  band  transmission  on 
frequency. 

The  importance  of  understanding  the  complete  fre¬ 
quency  spectra  of  crystal  resonators  has  resulted  in 
many  theoretical  and  experimental  studies1.  One  of 
the  more  useful  theoretical  developments  has  been  the 
reduction  of  the  three  dimensional  differential  equa¬ 
tions  of  motion,  constitutive  relations,  and  boundary 
conditions  for  an  elastic  plate  to  a  truncated  set  of 
two  dimensional  equations2 .  Similar  two  dimensional 
equations  have  been  derived  for  the  piezoelectric- 
plate1*.  Both  of  these  theoretical  developments  in¬ 
clude  the  effects  of  crystal  anisotropy.  Flexure, 
face-shear,  extension,  thickness-twist,  and  thickness- 
shear  modes  are  all  coupled  together.  Thickness- 
stretch  is  not  included  in  these  equations.  The  trun¬ 
cated  two  dimensional  equations  have  been  used  in  a 
number  of  studies  of  wanted  and  unwanted  modes  in  crys¬ 
tal  plates.  A  review  of  all  of  these  studies  is  beyond 
the  scope  of  this  paper.  Most  of  these  studies  report 
various  simplifications  of  the  two  dimensional 


equations  to  reduce  the  computational  complexity  of  a 
complete  solution.  These  simplifications  usually 
amount  to  setting  various  small  constants  or  terms  in 
the  equations  to  zero  to  decouple  two  or  three  of  the 
modes  and  then  solving  the  resulting  equations. 

Three  of  the  studies  mentioned  above  are  particu¬ 
larly  relevant  to  the  purpose  of  the  present  paper. 
Mindlin's  two  dimensional  equations  for  the  aniso¬ 
tropic  crystal  plate  with  rotatory  inertia  and  trans¬ 
verse  shear  information  were  reduced  to  the  specific 
case  of  rotated  Y-cut  quartz  by  Mindlin  and  Spencer5. 
These  general  equations  were  then  simplified  by  remov¬ 
ing  thickness-shear,  dropping  inertia  from  some  of  the 
equations,  letting  the  shear  strain  component  2U 
approach  zero  while  keeping  a  finite  zeroth  order 
stress  component  123(0),  and  setting  several  small 
material  constants  {yl3,  Y33,  and  C5f)  equal  to  zero 
in  some  equations.  The  resulting  equations  had  flex¬ 
ure  and  thickness-twist  coupled  together,  but  these 
two  coupled  modes  were  uncoupled  from  thickness-shear, 
extension,  and  face-shear.  These  flexure-twist  equa¬ 
tions  were  solved  for  a  rectangular  elastic  plate  with 
stress  free  edges.  Agreement  with  measured  modes  ir. 
quartz  resonators  was  quite  good5.  Lee6  has  used  simi¬ 
lar  general  equations  to  study  coupled  extensional , 
flexural,  and  width  shear  modes  in  5°  X-cut  quartz 
plates.  Good  agreement  with  experiment  was  found  over 
a  wide  frequency  range.  Lee  and  Spencer7  studied  the 
shear- flexure-twist  vibrations  of  a  partly  electroded 
rotated  Y-cut  quartz  plate.  Agreement  with  experiment 
was  also  very  good. 

These  examples  demonstrate  the  general  ability  of 
Mindlin's  1961  equations  to  predict  the  frequencies  of 
various  modes  in  quartz  crystal  plates.  These  and 
other  published  reports  also  suggest  that  substantial 
changes  in  the  Mindlin  equations  can  be  maie  without 
losing  good  agreement  between  theory  and  experiment. 
Tiersten  has  reduced  the  general  set  of  piezoelectric 
two  dimensional  equations  to  the  case  of  rotated  Y-cut 
quartz8. 

Details  n  procedures  for  the  numerical  evalua¬ 
tion  of  these  equations  have  not  usually  been  re¬ 
ported.  The  present  paper  discusses  the  numerical 
evaluation  of  the  dispersion  relation  of  Tiersten's 
equations  for  rotated  Y-sut  quartz.  The  electrical 
equations  and  piezoelectric  terms  are  dropped.  No 
additional  simplifications  are  used.  Although  the 
resulting  equations  have  the  same  form  as  the  Mindlin- 
Spencer  equati-ns,  the  elastic  constants  are  slightly 
different  because  elect.r  3e  stiffening  is  included. 
Dispersion  relations  for  X;  icper.der.ee  jr  X3  iercr.i- 
ence  alone  were  reported  by  Mindlin  and  Spencer5.  In 
the  present  paper,  X]  and  X3  dependence  are  allowed 
at  the  same  time.  Some  implications  of  this  two 
dimensionality  will  he  discussed,  Mindlin  and  Spencer 
suggest  that  the  full  set  of  five  equations  do  not 
have  any  solutions  in  cl  cci  form. 

In  the  present  payer  approximate  boundary  condi¬ 
tions  which  remove  this  limitation  are  presented.  The 
resulting  frequency  equation  retains  all  of  the 
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appropriate  material  constants  and  all  of  the  five  dif¬ 
ferential  equations.  Extension,  flexure,  face-shear, 
thickness-shear,  and  thickness-twist,  with  XI  and  X3 
dependence  at  the  same  time,  are  all  coupled  together 
in  these  results.  Electrode  elasticity  and  mass  are 
included.  A  comparison  of  experimental  results  with 
the  predicted  frequencies  shows  the  same  kind  of  agree¬ 
ment  as  discussed  above  for  other  situations. 


Differential  Equations  of  Motion 


The  developments  reported  in  this  paper  begin 
with  the  general  two  dimensional  equations  for  rotated 
Y-cut  quartz  as  given  by  Tiersten8.  The  electrical 
equations  and  the  electrical  terms  in  the  elastic 
equations  are  dropped.  Tiersten  has  shown  how  to  in¬ 
clude  the  effects  of  electrode  elasticity  in  the  two 
dimensional  constants9.  Techniques  for  evaluating  the 
zero  order  and  first  order  two  dimensional  elastic  con¬ 
stants  for  rotated  Y-cut  quartz  plates  have  been  de¬ 
scribed  before10.  Electrode  elasticity  effects  are 
included  by  using  Tiersten's  Equation  1U.3211. 
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where  X°  =  2p  X/(X+2u)  and  R  =  2  p^^/ph  . 


Equations  3  through  7  are  five  coupled  second 
order  differential  equations  in  the  three  zeroth  order 
and  two  first  order  displacement  components  of  the 
Mindlin  theory2.  The  form  of  these  five  components  is 
shown  in  Figure  l12.  These  components  are  the  coef¬ 
ficients  of  the  expansion  of  the  particular  displace¬ 
ment  in  a  power  series  in  X2',  which  is  the  thickness 
direction  of  the  plate.  Although  the  displacement  com¬ 
ponents  do  not  depend  on  X2' ,  they  may  depend  on  XI 
and  X3'  as  necessary  to  satisfy  Equations  3  through  7 
and  the  appropriate  boundary  conditions. 


Arbitrary  constants  Ki,  and  Kg  are  adjusted  to 
make  the  thickness-shear  and  thickness-twist  frequen¬ 
cies  of  the  infinitely  extended  plate  equal  to  the 
exact  frequencies  of  the  three  limensional  plate. 

These  constants  are  Kj  and  Kj  in  Mindlin  and  Spencer's 
notation.  Kg  (or  Kj )  matches  the  thickness-twist  fre¬ 
quency  and  Ki,  (or  K3)  matches  the  thickness-shear  fre¬ 
quency.  An  approximate  value  of  Kg2  was  given  by 
Mindlin  as  n2/12  but  it  has  become  customary  to  solve 
for  the  infinite  plate  frequency  exactly  and  set  Kg  so 
that  the  two  dimensional  frequency  and  the  three  dimen¬ 
sional  frequency  agree  exactly  for  the  infinite  plate. 
Ki,  is  determined  from  Kg  and  the  elastic  constants  of 
the  plate,  as 
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The  in  the  numerator  of  Equation  8  are  the  rotated 

three  dimensonal  elastic  constants;  the  C44  in  the 
denominator  is  the  two  dimensional  elastic  constant  as 
stiffened  by  the  electrode. 


and  Y^cd  are  the  zeroth  order  elastic  constants 

for  the  unelectroded  plate.  X  and  p  are  the  Lam6  con¬ 
stants  for  the  isotropic  electrode  material,  p ;  and 
h;  are  the  density  and  thickness  of  each  of  the  identi¬ 
cal  electrodes;  p  and  h  are  the  density  and  thickness 
of  the  quartz;  and  6^  is  the  Kronecker  delta. 

The  differential  equations  of  motion  then  take 
the  following  form: 


Equations  3  through  7  have  the  same  form  as 
Mindlin  and  Spencer’s  Equations  U  and  5s.  The  elastic 
constants  (C^j  and  )  in  the  Tiersten  equations  used 

here  are  slightly  different  because  electrode  elastic¬ 
ity  effects  are  included.  Electrode  mass  effects  are 
included  in  both  Tiersten  and  Mindl in-Spencer  by 
multiplying  the  density  by  1  +  R  or  1  +  3R  as  indi¬ 
cated. 
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Solutions  to  the  Differential  Equations  of  Motion 

A  popular  method13  of  solving  the  equations  of 
motion  is  to  assume  a  standing  wave  solution  of  the 
form 


.  _  sin  k.x.  sin  k,x, 

Z  Z0  {  1  X>  {  33 
cos  kjX^  cos  kyc^ 


} 


sin  ut 


,  (9) 


where  Z  =  uj  ^ ,  U3^°\  U2^°\  uj^,  and  and 

Z0  =  U10’  U30’  ^20*  S10’  anl3  s30‘  Foxlr  solutions  with 


different  combinations  of  the  trigonometric  functions 
are  possible.  Only  solutions  with  real  k)  and  kj  will 
be  discussed  in  this  paper.  The  assumed  wave  functions 
are  solutions  of  the  differential  equations  of  motion 
for  particular  values  of  kj,  kj  and  u.  The  relation¬ 
ship  among  kj,  k3  and  u  so  that  the  wave  functions  are 
solutions  to  the  differential  equations  of  motion  is 
called  the  dispersion  relation.  One  of  the  four  pos¬ 
sible  wave  functions3  is 
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Equation  10  is  a  solution  to  the  five  differential 
equations  of  motion  (Equations  3  through  7)  if 

(  [D]  -  pw2  [B]  )  [*]  =  [0]  ,  (11) 
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X3  direction.  This  approximation  will  be  discussed  in 
more  detail  in  a  later  section  of  this  paper. 
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Using  ilijo  and  *30  as  wave  function  component  ampli¬ 
tudes,  rather  than  siq  and  S30,  makes  D  symmetric. 
Abbreviations  used  in  this  paper  for  the  trigonometric 
functions  (S.,,  S3,  C^,  Cy  and  St)  are  defined  in  Equa¬ 
tion  10.  For  a  given  value  of  u>  and  ki  (or  K3)  there 
are  five  values  of  k3  (or  ki)  for  which  the  five  homog¬ 
eneous  equations  (Equation  11)  have  a  solution,  with 
det  (D  -  pu>2  B)  =  0.  Each  of  the  five  solutions  is 
associated  with  a  different  set  of  ratios  of  the  five 
components  of  the  displacement.  In  the  usual  solution 
sequence13  these  five  displacement  solutions  are  line¬ 
arly  combined  in  a  general  wave  function.  This  wave- 
function  and  the  boundary  conditions  are  substituted 
into  the  constitutive  equations.  For  stress  free  or 
strain  free  boundary  conditions,  the  result  is  a  set 
of  homogeneous  equations,  often  called  the  frequency 
equations.  The  frequencies  for  which  a  solution  exists 
are  the  resonant  frequencies  of  the  system.  For  xi 
and  X3  dependence  the  above  process  usually  needs  one 
root  search  (on  ki  or  ks)  to  solve  the  dispersion  rela¬ 
tion  and  a  second  (on  00)  to  solve  the  frequency  equa¬ 
tion. 


The  main  purpose  of  the  present  paper  is  to  dis¬ 
cuss  an  approximation  that  makes  both  root  searches 
unnecessary.  The  resulting  approximate  solution  has 
substantial  advantages  in  computing  time  and  cost, 
while  providing  considerable  insight  into  the  proper¬ 
ties  of  many  of  the  modes  of  the  plate.  In  this 
approximation  the  dispersion  relation  for  the  complete 
problem  is  solved  exactly  by  using  id  as  a  dependent 
variable  instead  of  an  independent  variable.  A  wave- 
number  substitution  converts  the  exact  dispersion  rela¬ 
tion  into  an  approximate  frequency  equation.  The 
resulting  frequency  equation  is  solved  exactly.  For 
this  paper  only  the  frequency  equation  is  solved. 
Equation  11  is  already  in  the  proper  form  for  the  pre¬ 
sent  solution. 

In  Equation  11  [ D 1  is  a  function  of  elastic  con¬ 
stants  and  wavenumbers  k^  and  k3-  If  an  exact  solu¬ 
tion  for  the  dispersion  relation  with  real  wave- 
numbers  is  desired,  real  values  of  k;  and  k3  are  sub¬ 
stituted  into  [D].  To  convert  Equation  11  into  an 
approximate  frequency  equation,  kj  and  k3  are  chosen 
so  that  the  plate  width  and  length  are  each  an  inte¬ 
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ni  is  the  number  of  half  wavelengths  in  the  xi  direc¬ 
tion  and  03  is  the  number  of  half  wavelengths  in  the 


After  values  of  kj  and  k3  have  been  assigned,  all 
the  elements  of  D  can  be  calculated.  Equation  11 
becomes  an  eigenvalue  problem,  in  which  the  eigenvalues 
are  simple  functions  of  frequency.  The  synmetry  of  D, 
generated  by  the  two  simple  transformations  in  Equa¬ 
tion  15,  guarantees  real  eigenvalues  and  frequencies. 

In  addition,  many  computing  machines  have  stored  pro¬ 
grams  which  solve  for  eigenvalues  and  eigenvectors  of 
symmetric  real  coefficient  systems14. 

Then  [D]  fd»V]  =  [X]  [/],  (18) 

where  [X]  is  a  diagonal  matrix  with  real  elements  and 

[$>v]  has  the  same  dimension  as  [D].  The  diagonal 
elements  of  [X]  will  be  called  X..  Each  column  of 

r  V ,  ^ 

[if  J  is  an  eigenvector,  associated  with  one  of  the 

diagonal  elements  of  [ X ] .  Each  column  of  [$V]  has  the 
same  elements  as  [if],  but  the  element  ratios  are  dif¬ 
ferent  for  each  eigenvector.  The  particular  algorithm 
used  here  outputs  the  eigenvalues  in  order  of  decreas¬ 
ing  value.  Each  eigenvector  is  associated  with  an 
eigenvalue  and  is  normalized  to  unit  amplitude. 


Since  {  [D] 

-  pu>2  [B] 

)  Uv)  = 

[0] 

(19) 

by  Equation  11, 

DU2  [B] 

=  [X], 

(20) 

_  2 
Then  = 

for  j  =  1, 

2 

(21) 

(l+3R)p 

2 

and  uj.  = 

J 

for  j  =  3, 

>»,  5, 

(22) 

(1+R)p 

as  long  as  thickness-shear  and  thickness-twist  have  the 
highest  frequencies.  Equations  21  and  22  must  be  modi¬ 
fied  if  this  usual  condition  is  not  met.  The  eigen¬ 
vector  component  values  show  the  relative  proportions 
of  the  five  wavefunction  amplitude  components  associ¬ 
ated  with  each  eigenvalue.  In  general,  the  eigenvector 
motions  have  all  five  amplitude  components.  Under  some 
conditions  one  component  dominates. 

The  Wavenumber  Approximation 

Setting  a  dimension  equal  to  an  integral  number 
of  wavelengths  to  derive  a  frequency  equation  has  been 
used  for  a  long  time  to  obtain  one  dimensional  approxi¬ 
mations  to  the  frequency  of  vibrating  systems.  For 
example,  McSkimin13  discusses  such  an  approximation. 

In  the  present  approximation  there  are  five  wavelengths 
in  each  of  two  directions  instead  of  one  wavelength  in 
one  direction.  But  the  principle  is  the  same.  The 
modes  arising  from  the  present  approximation  also  dif¬ 
fer  slightly  from  the  Lam£  type  modes  derived  by 
Mindlin16  because  no  restrictions  on  crystal  orienta¬ 
tion  or  dimensions  are  needed. 

Substituting  the  displacement  solution  of  Equation 
10  into  Tiersten's  constitutive  equations17  gives  the 
following : 
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T11  *  2b[*cUklu10  +  c13k3u30  +  K4c14k3u20+K4c14*3q] 

S1C3SI 

(23) 

T33“  2b["  c13kl  u10+c33k3  u30+K4  c34k3u20  +  K4  c34*3o] 

S1C3S» 

(SI*) 

t13*  2b[“c5Sk3u10  +  c53kl  «30  +  K6  c56klu20  +  K6c56*lo] 

Cj  s3st 

(25) 

ri2*  2b[jK6c56k3u10  +K6c66k1u30  +  K|k1  u2q  +  k|c66s10J 

C1  S3SI 

(26) 

T23s  2b[j*<4c14klu10  +  K4c34k3u30+K4c44k3u20+,<4c44*3o] 

S1  C3St 

(27) 

Tn  *  ‘f'h3  [-/„  kl  *10  -yi3k3s3o]SlS3  S1 

(26) 

T33  *  T  1)3  Xl3  k  1  *10  “X33  k3*3o]  S1  S3  St 

(2?) 

T13  *  "§■  b  [+  Yss  k3  sio  +  X56  kl  *3o]Cl  C3  St 

(’) 

The  approximation  of  using  Equations  16  and  IT 
then  amounts  to  using  mixed  boundary  conditions,  i.e., 
some  (n)  =  0  and  some  u^  (n)  =  0.  Since  most  of 

the  T.^  (n)  =  0  on  the  appropriate  plate  edge,  the 

resulting  calculated  frequencies  should  be  close  to 
observed  frequencies,  except  at  frequencies  for  which 
Strong  coupling  occurs  at  the  plate  boundaries.  No 
boundary  coupling  is  present  in  the  approximation. 

Results 

T  T  Tj,^,  Although  all  of  the  results  to  be  discussed  here 

3  ’  are  presented  in  terms  of  resonant  frequencies,  the 

q,  /q,  ,  ,  plots  are  exact  solutions  for  the  dispersion  rela- 

T,  ,  u^'  ,  u2'  ,  and  u,'  '  all  tions  for  the  appropriate  values  of  kj  and  k3.  The 

'  '  present  approximation  only  affects  how  values  of  ki 

and  k3  are  selected.  If  a  more  exact  frequency  equa- 

equal  to  zero  on  X]  =  0  and  xj  =  W  and  to  setting  tion  were  desired,  according  to  the  usual  method  of 

using  linear  combinations  of  solution  vectors  with  the 
i.,  same  frequency,  it  would  become  necessary  to  perform 

T^j  ,  T^2  ,  ,  T^  ,  T„  ,  T  ,  the  two  root  searches  mentioned  earlier.  It  is  not 

1  ~~  J  J  known  whether  it  is  more  efficient  to  assign  values  of 

,q,  (q,  (j,  ki  and  id  in  Equation  11  and  then  vary  k3  for  a  zero  in 

u^  ,  u^  and  u^  all  equal  to  zero  on  the  determinant  of  the  coefficients  of  the  homogeneous 

J  "  equation,  repeating  the  process  for  the  desired  number 

X3  =  0  and  X3  =  L.  The  uniqueness  theorem18  for  this  of  values  of  kj,  or  to  assign  desired  values  of  kj 

problem  only  requires  that  one  member  from  each  of  the  and  vary  ks  for  each  value  until  the  frequency  equals 
following  products  be  specified  on  the  boundaries:  the  desired  frequency. 


where  Sj  =  sin  (kixj),  C[  «  cos  (kixj),  S3  »  sin 
^3X3),  C3  =  cos  (I13X3),  and  St=sin  wt.  If  the  coor¬ 
dinate  system  of  the  plate  is  selected  so  that  one  cor¬ 
ner  is  at  X]  =  0  and  X3  =  0,  the  definitions  of  Equa¬ 
tion  16  and  Equation  17  make  Sj  =  0  for  xi  =  W  for  all 
integer  values  of  and  make  S3  =  0  for  X3  !  0  and 
for  X3  =  L  for  all  integer  values  of  nj. 

The  approximations  of  Equations  16  and  17  then 
amount  to  setting 


_  (0)  (0)  (0)  (0)  (0)  (0) 

*11  U1  ’  *13  U3  ’  *31  ul  ’ 

T  (0)  (0)  (0)  (0)  (0)  (0) 

*  12  2  *  * 32  2  ’  *33  3 

(1)  (1)  (1)  (1)  (1)  (1) 

*11  U1  ’  *31  1  ’  33  u3  ’ 


and  T13(1)  u3(1'. 


In  this  section  a  few  examples  of  results  ob¬ 
tained  with  the  present  approximation  are  discussed. 
Figure  2  shows  calculated  resonant  frequencies  versus 
the  number  (03)  of  half  wavelengths  along  the  X3'  or 
Z'  direction  of  the  AT  quartz  plate.  The  unelectroded 
plate  has  a  thickness  near  .0002056  m. ,  such  that  the 

thickness-twist  frequency  (F  )for  infinite  lateral 

c 

dimensions  ( n j  =  0,  n3  =  0)  is  8.0  mHz.  Thickness- 
shear  ( TS 3 ) ,  thickness-twist  (TT3),  extensions!  (E3), 
face-shear  (FS3)  and  flexural  (F3)  modes  are  shown. 


These  results  are  the  same  as  those  presented  by 
Mindlin  and  Spencer  in  their  Figure  l5.  In  Figure  2 
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the  logarithm  of  the  resonant  frequency  Is  plotted  to 
show  some  of  the  detail  of  the  lover  frequency  contour 
nodes  on  the  same  plot  as  the  high  frequency  modes. 

For  the  case  of  nj  »  0  (or  03  »  0,  not  shovn)  the 
eigenvectors  each  have  one  component,  as  marked  on  the 
curves.  Frequencies  for  up  to  100  half  wavelengths 
are  shovn.  F3,  FS3,  and  E3  modes  all  have  zero  fre¬ 
quency  for  03  =  0.  According  to  Equation  17,  n3  =  0 
results  from  L  =  “.  TT3  and  TS3  modes  have  cutoff 
frequencies  at  L  =  *>. 

The  fundamental  frequency  for  each  of  the  five 
mode  types  is  the  case  for  nj  =  1  and  nj  *  1,  and  the 
frequencies  for  nj  >  1,  nj  >  1  are  the  inharmonic  fre¬ 
quencies  of  the  modes. 

Because  the  modes  do  not  usually  have  single  com¬ 
ponent  eigenvectors,  as  in  Figure  2,  it  is  better  to 
name  the  modes  in  order  of  decreasing  frequency,  as 
F(3)  (nj,  n 3).  F(5)  is  usually  a  flexure,  F(l)  is 

usually  thickness-shear,  and  F(2)  is  usually  thickness- 
twist.  F(3)  and  F(4)  are  usually  coupled  face-shear 
and  extension.  These  mode  names  are  also  shovn  in 
Figure  2.  As  pointed  out  by  Mindlin  and  Spencer,  sim¬ 
ilar  results  hold  for  the  cylindrical  modes  with  xi 
variation  alone. 

Figure  3  shows  what  happens  to  the  calculated 
frequencies  if  there  are  10  half  wavelengths  along  the 
plate  width  (ni  =  10).  For  this  case,  all  five  modes 
have  cutoff  frequencies  (finite  frequencies  at  infinite 
length).  F(4)  (10,  03)  has  a  minimum  frequency  for  03 
between  10  and  20.  Figure  4  shows  calculated  frequen¬ 
cies  for  some  lower  frequency  modes  on  a  linear  fre¬ 
quency  scale.  In  Figures  3  and  4  F(5)  is  mostly  flex¬ 
ure  (U2^),  but  F(3)  and  F(4)  are  combinations  of 
face-shear  and  extension  (ui^  and  U3^). 


One  use  of  the  present  results  is  to  identify 
unwanted  resonances  in  thickness-shear  or  thickness- 
twist  resonators.  Figure  5  shows  the  values  of  03  and 
ns  for  all  modes  that  have  calculated  frequencies 
between  7-9  and  8.1  mHz.  The  thickness-tvlst  mode  for 
this  plate  is  near  8.0  mHz.  In  this  case  there  vere 
487  unwanted  modes  as  indicated,  n;  was  varied  between 
0  and  60  and  03  was  varied  between  0  and  129.  All  com¬ 
binations  of  nj  and  n3  with  nj  >  6l  and  03  >  125  vere 
outside  of  the  indicated  frequency  range. 

Eigenvectors  for  five  points  on  this  curve  are 
shown  on  the  figure.  The  multicomponent  character  of 
these  eigenvectors  can  be  seen  from  this  figure. 

Points  from  0,0  to  10,10  define  inharmonic  modes  of 
thickness-shear  and  thickness-twist.  The  other  points 
define  high  order  extension,  face-shear,  and  flexure 
modes.  It  is  fortunate  for  the  device  application  of 
thickness-shear  and  thickness-twist  modes  that  most  of 
the  inharmonic  shear  and  twist  and  the  high  order  flex¬ 
ure,  face-shear,  and  extensions  are  weakly  excited. 

Some  implications  of  the  twist  inharmonics  and  high 
order  flexure  and  face-shear  are  discussed  by  Pearman 
and  Rennick19. 

Calculations  such  as  those  shown  in  Figure  5  have 
important  consequences  to  the  further  development  of 
the  theory  of  modes  in  plates.  The  calculations  in 
Figure  5  suggest  that  modes  with  ni  <  62  and  n3  <  127 
are  the  only  ones  with  real  wavenumber  needed  in  an 
eigenvector  expansion.  This  information  could  make  the 
eigenvector  expansion  finite  and  therefore  expressable 
as  a  closed  form  function.  Further  work  may  clarify 
how  to  use  results  such  as  Figure  5  in  more  exact  ap¬ 
proximations.  In  this  case  complex  wavenumber  values 
are  also  important. 

Table  I  shows  how  some  mode  frequency  separations 
calculated  with  the  present  approximation  agree  with 
experimental  results  published  by  Heising20. 


TABLE  I 


COMPARISON  OF  MODE  SPACINGS 
FOR  AT  QUARTZ  PLATES 


Mode 

Reference 

A F  (KHz) 

I  Length  2B=. 000208m 

Heising 

125.0 

Face 

EQ.  6.25 

Shear 

L  =.02032  m 
W  =.02032  m 

This 

Paper 

F(U)  (l,65)-F(1))  (1,64) 

II  Width  2b= .0010  m 
Flexure 

HelBing 

Fig.  6.14 

,F(38)‘F(37)  *  U5-° 

'w  P  _  crt  ft 

L  =.0320  m 

F(36)_F(35)  '  50,0 

W  =.0320  m 

This 

Paper 

F(5)  (38,1)-F(5)  (37,1) 
{F(5)  (36,1)-F(5)  (37,1) 

The  agreement  between  calculated  and  experimental 
length  face-shear  and  width  flexural  modes  is  good 
enough  to  indicate  the  general  usefulness  of  the  pre¬ 
sent  work. 
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Conclusions 


Tiersten's  two  dimensional  differential  equations 
for  AT-cut  quartz  with  piezoelectric  terms  and  equa¬ 
tions  dropped  but  Including  electrode  mass  and  stiff¬ 
ness  are  solved  exactly  for  the  dispersion  relation 
among  frequency  and  wavenumbers  in  xi  and  X3'  direc¬ 
tions  for  thickness-shear,  thickness-twist,  extension, 
face-shear,  and  flexure  modes. 

Simple  linear  transformations  make  the  character¬ 
istic  matrix  of  the  dispersion  relation  symmetric.  If 
the  wavenumbers  are  made  the  independent  variables, 
the  resulting  dispersion  relation  can  be  solved  exactly 
without  root  searches  by  using  standard  eigenvalue- 
eigenvector  techniques.  A  much  used  approximation  in 
which  plate  length  and  width  are  set  equal  to  an  inte¬ 
gral  number  of  half  wavelengths  converts  the  exact 
dispersion  relation  to  an  approximate  frequency  equa¬ 
tion.  This  frequency  equation  may  also  be  solved 
directly  by  eigenvalue  techniques  without  root 
searches.  The  present  equations  reduce  to  the  Mindlin- 
Spencer  cylindrical  modes  when  there  is  no  variation 
along  X3  or  along  X3.  For  arbitrary  variation  along 
both  directions,  inharmonic  modes  of  all  five  mode 
types  are  found.  Some  branches  have  minima  and  all 
branches  have  cutoff  frequencies  under  some  conditions. 
Only  real  wavenumbers  are  studied  in  this  paper.  Cal¬ 
culated  mode  spacings  for  quartz  AT  plates  are  in  rea¬ 
sonable  agreement  with  experiment.  The  results  of 
this  study  should  indicate  some  directions  of  future 
theoretical  developments. 
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Figure  1  -  Elementary  Displacement  Components 
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DEPENDENCE  OF  RESONANT  FREQUENCY 
ON  WAVE  NUMBER 

AT  QUARTZ,  W*. 0106m,  L*  02032m,  Fq  *8  OMHt  ,T »25°C  ,  nj  *  0 


DEPENDENCE  OF  RESONANT  FREQUENCY 
ON  WAVE  NUMBER 

AT  QUARTZ, W=.0106m,L*  02032m, F0*8.0MHz,T=25*C,n, *10 


Figure  2 

Dependence  of  Resonant  Frequency  on  Wave  Number. 

AT  Quartz,  W  *  .0106  m,  L  =  .02032  m, 

Fq  =  8.0  MHz,  T  -  25°C,  ^  =  0 

W  is  the  plate  width  (x^  direction),  L  is  the  plate 
length  (x3  direction),  F^  is  the  resonant  frequency 
of  the  thickness  twist  mode  for  infinite  lateral 
dimensions  ^  n3  -  0) ,  and  T  is  the  temperature 

in  degrees  Centigrade. 


Figure  3 

Dependence  of  Resonant  Frequency  on  Wave  Number. 
AT  Quartz,  W  =  .0106  m,  L  =  .02032  m, 

Fq  =  8.0  MHz,  T  =  25°C,  n  =  10 
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FREQUENCY  IN  MHz 


t  , 


DEPENDENCE  OF  RESONANT  FREQUENCY 
ON  WAVE  NUMBER 

A T  QUARTZ , W=.0106 m,L; .02032 m ,  F0= 8.0  MHz ,  T= 25°C 


Figure  4 

Dependence  of  Resonant  Frequency  on  Wave  Number. 

AT  Quartz,  W  =  .0106  m,  L  =  .0203Z  m, 

F  «  8.0  MHz,  T  =  25°C .  Solid  points  are  calculated 
o 

resonant  frequencies. 


DEPENDENCE  OF  r>i  ON  n3  FOR  MODES  WITH 
RESONANT  FREQUENCIES  BETWEEN  7.9  AND  8.1MHz 

AT  QUARTZ,  W«. 0106  m  ,  L*. 02032  m,  Fq-  8.0  MHz,T*25*C 
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Figure  5 

Dependence  of  n^  on  n^  for  Modes  with  Resonant  Frequencies 

between  7.9  and  8.1  MHz 

AT  Quartz,  W  =  .0106  m,  L  *  .02032  m, 

F  =  8.0  MHz,  T  =  20°C. 
o 

The  contribution  of  the  five  elementary  displacement  components 
to  the  eigenvectors  for  five  modes  are  shown. 
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Abstract 


A  previous  treatment  of  overtone  modes  in  trapped 
energy  resonators  is  extended  to  the  case  of  plates 
with  slowly  varying  thickness.  The  resulting  single 
scalar  equation  is  applied  in  the  analysis  of  plano¬ 
convex  contoured  quartz  crystal  resonators .  Both 
thickness-shear  and  thickness-twist  modal  directions 
are  considered.  The  analysis  holds  for  the  fundamental 
and  anharmonic  overtones  of  the  fundamental  and  each 
harmonic  overtone  thickness  mode.  The  influence  of 
piezoelectric  stiffening,  electrode  mass  loading  and 
electrical  shorting  is  included  in  the  analysis.  Since 
in  a  contoured  resonator  the  influence  of  the  contour¬ 
ing  on  the  trapping  far  exceeds  the  influence  of  the 
electrode,  the  edge  of  the  electrode  is  ignored  in  the 
determination  of  the  mode  shape  and  attendant  resonant 
frequency.  Similarly,  since  the  contouring  causes  the 
mode  to  be  highly  trapped  in  the  vicinity  of  the  center 
of  the  plate  and,  hence,  not  to  extend  to  the  edge,  the 
boundary  conditions  at  the  edge  of  the  quartz  plate  are 
ignored  in  the  analysis.  No  adjustable  parameters  are 
required  in  the  theory.  Although  the  basic  piezoelec¬ 
tric  differential  equation  employed  here  is  quite  dif¬ 
ferent  from  the  ones  that  have  been  employed  in  similar 
applications  heretofore,  the  analysis  accounting  for  the 
contouring  has  appeared  in  the  literature.  It  is  shown 
that  calculations  based  on  the  analysis  agree  extremely 
well  with  experimental  results  obtained  with  contoured 
AT-cut  quartz  crystal  resonators. 

1.  Introduction 

In  a  recent  investigation1  *2  the  three-dimensional 
equations  of  linear  piezoelectricity,  with  the  aid  of 
certain  simplifying  assumptions,  were  applied  in  the 
analysis  of  rotated  Y-cut  quartz  trapped  energy  reson¬ 
ators  with  rectangular  electrodes  operating  in  over¬ 
tones  of  coupled  thickness- shear  and  thickness- twist 
vibrations.  In  this  paper  the  previous  analysis  is  ex¬ 
tended  to  the  case  of  plates  with  slowly  varying  thick¬ 
ness.  The  asymptotic  dispersion  relation  for  small 
wavenumbers  along  the  electroded  flat  plate  obtained  in 
the  recent  analysis1*  2 of  trapped  energy  resonators  en¬ 
ables  us  to  construct  the  single  scalar  differential 
equation  of  coupled  thickness -shear  and  thickness - 
twist, which  holds  for  plates  with  slowly  varying  thick¬ 
ness.  The  simplifying  assumptions  of  small  piezoelec¬ 
tric  coupling,  one-dimensional  (thickness)  dependence 
of  all  electrical  variables  and  the  neglect  of  certain 
small  unimportant  elastic  constants  employed  in  the 
earlier1*2  analysis  naturally  are  employed  here  also. 

The  influence  of  piezoelectric  stiffening,  electrode 
mass  loading  and  electrical  shorting  is  included  none¬ 
theless.  Since  the  influence  of  the  contouring  on  the 
trapping  is  much  greater  than  the  influence  of  the 
electrode,  the  edge  of  the  electrode  is  ignored  in  the 
determination  of  the  eigensolution.  Since  the  mode  is 
assumed  to  be  highly  trapped  in  the  vicinity  of  the 
center  of  the  contoured  plate,  the  boundary  conditions 
at  the  edge  of  the  plate  are  ignored  in  the  analysis. 

The  procedure  for  obtaining  the  eigensolution  follows 
that  of  Wilson3,  who  treated  the  purely  elastic  case 


using  an  incorrect  equation  which  had  been  used  earlier 
by  others4’  b 

The  resulting  inhomogeneous  single  scalar  equation 
is  applied  in  the  analysis  of  the  forced  vibrations  of 
a  plano-convex  contoured  AT-cut  quartz  crystal  resonator 
and  a  lumped  parameter  representation  of  the  admittance 
is  obtained.  Calculations  based  on  the  analysis  are  in 
excellent  agreement  with  the  results  of  experiments  on 
contoured  AT-cut  quartz  crystal  resonators. 

2.  Basic  Equations 


A  schematic  diagram  of  a  plano-convex  quartz  crys¬ 
tal  resonator  is  shown  in  Fig.l.  Since  the  thickness  h 
is  a  slowly  varying  function  of  Xj  and  Xj ,  it  is  approp¬ 
riate  to  first  consider  the  solution  for  the  electroded 
flat  plate  and  then  generalize  it  to  be  applicable  to 
the  contoured  plate  with  slowly  varying  thickness.  Ac¬ 
cordingly,  we  first  briefly  reproduce  the  analysis1*  2  of 
the  electroded  flat  plate.  On  the  basis  of  the  simpli¬ 
fying  assumptions  of  small  piezoelectric  coupling,  the 
neglect  of  certain  relatively  small  uniiqportant  elastic 
constants  and  the  fact  that  in  the  essentially  thick¬ 
ness-shear  modes  of  interest,  the  wavenumbers  in  both 
the  xx -  and  Xg -directions  are  much  smaller  than  the 
thickness  wavenumber,  it  has  been  shown2  that  to  second 
order  in  small  quantities  the  differential  equations 
that  remain  to  be  satisfied  take  the  form 

C11U1, 11  +  (C12  +  C66  )U2, 12  +  C66U1,  22  +  C55U1,  33 

e26cp,  22  =  PU1  ’ 

(C66  +  C12 >ul, 12  +  C66U2, 11  +  C22U2, 22  =  pU2  > 

e26Ul,22  "  S22^,22  =  0  ’ 

and  we  note  that  the  notation  is  defined  in  Ref. 2.  We 
further  note  that  for  the  circumstances  outlined  it  has 
been  shown2  that  is  two  orders  of  magnitude  smaller 
than  Ui  and,  hence,  negligible  to  the  order  of  approx¬ 
imation  being  obtained.  To  the  same  order  of  approxima¬ 
tion  the  pertinent  constitutive  equations  take  the  form 


+ 


(2.1) 


T21  =  °66  (U1,  2  +  U2, 1J  +  e26<P,  2  > 

T22  =  C12U1, 1 +  C22U2, 2  >  T11  =  C11U1, 1  +  C12U2,  2  > 


T31  **  C55U1.  3  +  e25^,  2  * 


D,  «e„,u,  -e 


26 


l,2'e22tp,2>  (2'2) 


and  the  boundary  conditions  that  remain  to  be  satisfied 
on  the  electroded  major  surfaces  of  the  flat  plate  take 
the  form 

T21-T  2pVC1,  T22«T  2pVu2,  cp-±  (V/2)eittrt: 

at  x2  » T  h  ,  (2.3) 


where  p '  is  the  mass  density  of  the  electrode  plating. 


It  has  been  shown  that  in  order  to  remove  the  in¬ 
homogeneous  driving  terra  from  the  boundary  condition 
(2.3)a  and  place  it  in  the  differential  equation  (2 . 1) x , 
we  take 

*  icut  A 

\i1~u1  +  Kx2e  ,  u2*u2» 

Vx  a 

2  iaJt  26  a  iu it 

'P'lT6  +I^ui+cV  •  <2'4! 


K“  "  e26v/c662h  ,  C*-(e26/e22)u1(h)/h  .  <2. 5). 

Then  the  substitution  of  <2. 4)  and  (2.5)  into  (2.1)  and 
(2.3)  yields 

C11U1, 11  +  (C12  +  c66  )U2 , 12  +  C66U1, 22  +  CS5U1, 33  ” 

puL  -  pui2Kx2elu,t  , 

C66s2, 11  +  (C12  +  C66  )S1, 12  +  C2222, 22  “  pS2  » 


C66“2,1+566S1,2*  (e26/£22h>ai  =  *  2p 'h '“l  ,tx2'±h- 

c22“2  2+C12“l  1  =  T  2p,h<“2  at  1C2=±h'  <2-7> 


*66  “  C66  +  e26/£22  »  (2-8) 

and  (2. 1)3  and  (2.3)3  are  satisfied  by  the  forms 
chosen.  Equations  (2.6)  and  (2.7)  constitute  a  system 
of  linear  inhomogeneous  differential  equations  with 
homogeneous  boundary  conditions  on  the  major  surfaces 
of  the  electroded  flat  plate.  It  has  been  shown  that 
an  asymptotic  eigensolution  for  plate  waves  valid  to 
second  order  in  the  small  wavenumbers  §  and  v  along  the 
electroded  flat  plate  can  be  written  in  the  form 


thickness-twist  vibrations  is  of  the  form 


.2*  .2-  . 

3  U1  3  UT  r,2TT2  5  e->«VX-> 

M  - —  +  c-s  - — - —  c,,u  -  pu  -  pcu2  - -r^ 

bx2  55  bx2  4h2  66  1  1  c662h 


where  iu  is  the  driving  frequency,  clearly,  the  homo¬ 
geneous  (V»0)  solutions  for  the  flat  plate  are  con¬ 
sistent  with  (2.11).  It  has  been  shown2  that  then  the 
approximation  holds  and  Eq. (2.13)  may  be  employed,  the 
approximate  edge  conditions  to  be  satisfied  at  a  junc¬ 
tion  between  an  electroded  and  unelectroded  region  of 
the  plate  are  the  continuity  of 

u2  and  bUj/dn,  (2.14) 

where  n  represents  the  normal  to  the  junction. 

We  now  generalise  Eq. (2.13)  for  the  flat  plate  to 
be  applicable  to  a  contoured  plate  with  slowly  varying 
thickness  simply  by  permitting  h  in  (2.13)  to  be  a 
8 lowly  varying  function  of  Xj  and  X3 .  In  the  case  of  a 
plano-convex  crystal  with  a  spherical  radius  of  curva¬ 
ture  R  and  maximum  thickness  2ho  «  R,  we  have3’6 

2h-2ho(l-  (x2 +x2)/4Rho)  ,  (2.15) 

the  substitution  of  which  in  (2.13)  and  expansion  to 
first  order  in  xf  +  x|  yields 

-.2-  ,2-  2  2«  2  2 

3  u]  3  ui  n  n  cks  r  + 


-.2- 
b  u 

__  X 

c 

n2n2c( 

bx2 

55  .  2 
bx3 

4h2 

o 

x  2  e26Vx2  icut 
PU  =  pcu  -—  ■  ■  eluJt 

1  c662h 


which  is  the  inhomogeneous  differential  equation  for 
coupled  thickness-shear  and  thickness-twist  vibrations 
of  a  plano-convex  resonator. 


u2  =  (B^1*  sin  TljXj  +  b‘2)  sin  kT^XjIcos  Sx^  cos  vx3eiu)t , 

u2  =*  (B^1*  cos  \*2  +B22)  cos  *\x2>sin  ^X1  COS  V*3e1U,t  , 

(2.9) 

where  . 

nr-  _>r=  <2> 


where  _ 

T1  .22  £  „»)_  rSBi  B<2) 

T|1  2h'KV^'B2  ’  B1 

n+1 


*\  ’ 


r  „  °13 1 C66  (2)  (-!>  (ci2'frc22)?Bi(1) 

r  ”  c66  *  C22  2  *  C22*\  sin  xT^h 

(2.10) 

and  the  dispersion  relation 

22 

+  essv  +  =66  *  p“  “  0  ’  (2. 11) 

4h 


3.  Contoured  Resonator 

The  problem  of  a  contoured  resonator  driven  into 
coupled  thickness-shear  and  thickness-twist  vibrations 
by  the  application  of  a  driving  voltage  across  the 
electrodes  in  the  steady  state  may  now  be  treated  by 
finding  the  steady-state  solution  of  (2. 16),  which  re¬ 
mains  bounded  and  vanishes  at  infinity.  We  first  seek 
the  eigensolutions  of  the  associated  homogeneous  problem, 
i.e.,  with  v  m  0.  To  this  end  we  take  the  uj -displace¬ 
ment  field  in  the  form 

“l(xl>x2,x3»t)  “«(x1,x3)  sin  (nnx2/2h)eitUt  ,  (3.1) 

the  substitution  of  Which  in  (2.16)  yields 


i2  .2 

M  o  I" 

Mn  a  2  +  c55  .2 
3x3 


(x?  +  x2)- 


L1+— m — ] u  +  pu)  u'°> 

o 

(3.2) 


which  is  valid  to  second  order  in  £  and  v  must  be  satis¬ 
fied,  and  we  employ  the  definitions 


Kn*Cll*<C12+C66)r+4 


(r566  ”  c66>  <c22r+C12,cot  Knr,/2 


.  _  /.  26  \  w2  *26  *  2p  V 

C66  "  ^66  V1 ”  2  2  ‘2R /’  k26  "  5  ,  ’  B  "  "pT"  ’ 

n  Tt  C6S*22 


The  method  of  derivation  of  the  dispersion  rsls- 
tion  (2.11)  rsvsals  that  tha  inhomogeneous  d.fferentiai 
aquation  governing  coupled  thick*, c .  .-si-.  tr  and 


where  u>  denotes  the  eigenfrequency.  As  a  solution  of 
(3.2)  we  take3 

u  -  XfXjJZfXj)  (3.3) 

which  satisfies  (3,2)  provided 

X*  ♦  (V2  -  o2x2)X.  0,  z’  ♦  012- e2x2)Z-0,  (3.4) 

where  the  undetermined  separation  constants  v  and  p 
satisfy 

~2  lit,  a  2  2 

PCU  -  c66  -  Hny  ♦  ,  (3.5) 

4hc 


and 


at  *  n2TT2cCi./8Rh^M  .  p  ■  n  n  c^/Slh-C-- .  (3.6) 

n  oo  o  n '  n  oo  w  oo 

The  only  solutions  of  (3.4)  that  are  bounded  for^all  xi 
and  Xq  and  vanish  at  ®  are  the  Hemlte  functions 


a  2 
@nX3 


Xmn  ’  6 


n  2 


"m^V'  Zpn‘e  V^V' 


(3.7) 


where  H  and  H  are  Hermlte  polynomials  and 
m  p 

^n-on(l  +  2m),  ^p„-  end  +  2p)  ,  »,p- 0,2,4,  ...  , 

(3.8) 

which  are  determined  from  the  condition  that  the  series 
for  H  and  Hp  terminate  and  they  be  polynomials.  For 
a  given  value  of  n,  m  and  p,  (3.8),  with  (3.6),  deter¬ 
mines  the  values  of  the  separation  constants  Tfc,  and 
pp,,  which,  from  (3.5),  yield  the  eigenf requencies  p 

in  the  form 

2  2. 

~2  n  n 

u> 

v66 


nmp  4h% 
o 


t/£  <»**’* 

ys  '="*'>)]  • 


(3.9) 


We  now  write  the  steady-state  solution  of  (2.16) 
as  a  sum  of  eigensolutions,  thus 


•1  *  •“  I X  X  ""%TO  ■  »• 


10) 


nmp 


where 


u.  =  u,  1 
lnmp  lnmp 


io)  t. 
nmp 


u,  =  sin  u  , 

lnmp  2h  nmp  ’ 


and 


u  =  e 
nmp 


n  2 


-9 


2 

*_3 
n  2 


Hm(^nXl)e  Hp  (^X3> 


(3.12) 


Substituting  from  (3.10)  and  (3,11)  into  (2.16)  and  em¬ 
ploying  (3.2)  for  each  nmp-eigensolution,  we  obtain 

2 

nnx„  a)  e2fivx2 

nmp  c,,2h  ’ 

nmp  ,3.13) 


^  1  ■  ,  ■  »i  .  •  nTTX- 

I  1  I*™*'*  -“nmp)ain  2h  Un 


and  with  the  aid  of  the  orthogonality  of  the  solution 
functions  in  (3.11)2,  we  find 

n-1 
2 


H 


nmp 


(-D 


e_,4h  J  V 
26  o  nmp 


c,,n2n2I,  U-  (iSj2  /uj2 ) ) 
do  nmp  nmp 


whar®  nhp2n m! 2Pp! 

Lnmp  J~tt~  J?~  ’  "^™p  4FlnmF3np  ‘ 


(3.14) 


(3.15) 


r1  ~ 

Flnm  *  1  e  n  2  Hm^xl)dxl  • 
°i 

3  -p  — 

F3np*i  *  "  2  Hp<^nx3)dxs- 

o 


(3.16) 


In  the  vicinity  of  a  resonance,  say  the  NMPth,  one  term 
in  the  sum  in  (3.10)  dominates  and  the  others  are 
negligible.  Thus  in  the  vicinity  of  said  resonance  the 
steady-state  solution  may  be  written 


NMP  NTOrt 

U1  =  H  sin  —  w 


lUlt 


*26VX2  iuit 
e  , 


66 


2h 


^*2  icut  c26  „NMP  /  .  ""''2  ,  , ,  2  “2\  ioit 

+—  H  UHMp(Sin  — '  (-2)  ->e 

(3.17) 


NTTX 


N-1 


22 


where,  as  usual,  in  (3.17)  is  to  be  replaced  by 


'“nmp  “  “nmp  +  1“Wmp/,2Cnmp  ’ 


(3.18) 


in  which  &nP  is  the  unloaded  quality  factor  of  the 
contoured  resonator  in  the  NMPth  mode,  the  admittance 
bixp  of  this  rotated  V-cut  contoured  resonator  operating 
in  the  NMPth  mode  is  obtained  by  substituting  from 
(3.17)  into  (2.2)b,  which  is  then  substituted  into 


,-J  i 


D2  dxidx3  > 


(3.19) 


with  the  result 
i.U)€ 


iwe22X264’4g» _ 

(3.20) 


(3. 11)  where 


f  2 


k26  ”C26/C66e22  ’  Ae  ”  Ae  +  ^l/8Rho>  '  (3  21) 

and  in  obtaining  the  second  term  in  (3.20)  we  have  again 
replaced  the  circular  electrode  by  the  circumscribed 
square  with  lengths  2 A  «  2  Ig  in  order  to  perform  the 
integrations.  The  quantities  C0  and  C^p  defined  by 
f2 


Aee22<1-f^26) 

2h 


NMP 


4e22k26,iNMP 
2  2 

N"  w 


(3.22) 


are  called  the  static  and  motional  capacitances,  re¬ 
spectively.  The  integrals  appearing  in  (3.16),  which 
appear  prominently  in  (3. 22)s ,  have  been  evaluated  for 
M  ■  P  -  0  and  take  the  form 

fino“t=  Jl  er£\Zr  *i *  f3no'^^  erfv/r  V 


(3.23) 


and  if,  as  is  reasonable  in  the  case  of  the  contoured 
resonator  because  the  mode  shape  is  sharply  confined  to 
the  center,  we  replace  the  circular  electrode  by  the 
circumscribed  square  with  lengths  2ty  ■  24,  we  have 


Equation  (3.9)  has  been  employed  in  the  calculation 
of  score  resonant  frequencies  of  two  piano -convex  reson¬ 
ators,  which  are  compared  with  frequency  measurements 
on  the  respective  resonators.  The  first  resonator  has 
a  blank  diameter  of  .550  in.,  an  electrode  diameter  of 
.370  in.,  a  radius  of  curvature  R  of  5  diopters,  Which 
is  106  am,  an  electrode  mass  loading  ratio  R  of  1.864  x 
1C T®  and  a  measured  thickness  2ho  ”  .0271  in.  “  .6883  am. 
Since  we  did  not  have  confidence  in  the  accuracy  of  the 
measured  thickness  to  the  required  masher  of  significant 
figures,  we  adjusted  the  thickness  in  order  that  the 


TABLE  I 


calculated  value  of  f(3,0, 0)  agree  with  the  measured 
value.  The  adjusted  thickness  2ho  is  .68785  ns.  The 
comparison  between  the  calculated  and  measured  values 
is  given  in  Table  I,  which  shows  that  the  agreement  be¬ 
tween  theory  and  experiment  is  excellent  with  the  ex¬ 
ception  of  f(l, 2, 2).  we  believe  that  strong  coupling 
to  flexure,  which  has  been  omitted  from  the  theory, 
exists  in  the  case  of  the  mode  for  which  the  calcula¬ 
tion  does  not  agree  well  with  the  measurements.  The 
measured  frequencies  in  Table  I  are  the  average  values 
determined  from  five  units.  For  this  resonator  the 
motional  capacitance  of  the  fundamental  mode,  i.e., 

Cj oo,  was  calculated  from  Eq. (3.22)  and  compared  with 
the  average  value  determined  from  the  measurement  of 
five  units.  The  results  are 

Calculated  Cioo  *  12.51fP  ,  Measured  Cioo  "  13.21  fF  . 

(3.24) 


Mode 

N  M  P 

calculated 
Frequency  kHz 

Measured 

Frequency  kHz 

10  0 

2508.2 

2505.5 

10  2 

2684.0 

2683.4 

12  0 

2728.6 

2727.7 

12  2 

2891.0 

2843. 2 

3  0  0 

7325.8 

7325.8 

3  0  2 

7510. 9 

7514.1 

3  2  0 

7520.0 

7520.1 

3  2  2 

7700.5 

7693.4 

5  0  0 

12152.6 

12154.1 

5  0  2 

12339.6 

12343.0 

5  2  0 

12366.3 

12367.7 

5  2  2 

12550. 1 

12532.0 

The  second  resonator  has  a  blank  diameter  of  .590  in., 
an  electrode  diameter  of  . 374  in. ,  a  radius  of  curva¬ 
ture  R  of  2.0  in.,  which  is  .0508  m,  a  measured  thick- 
ness  of  gold  electrode  2h  =  750  A  and  a  maximum  plate 
thickness  2ho  =  .  06  502  in.  =  1.6515  xl(T3  m'.  In  this 
case  we  used  the  measured  maximum  plate  thickness, 
since  the  measurement  is  considered  to  be  accurate  to 
one  more  significant  figure  than  in  the  case  of  the 
first  resonator,  and,  consequently,  no  adjustable 
parameters  were  employed.  The  comparison  between  the 
calculated  and  measured  values  is  given  in  Table  II,  in 
which  excellent  agreement  between  theory  and  experiment 
is  indicated  again. 
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TABLE  II 


Mode 

N  M  P 

Calculated 
Frequency  kHz 

Measured* 
Frequency  kHz 

10  0 

1097.47 

1094.75 

10  2 

1248.72 

1245.93 

12  0 

1285.69 

1263.23 

12  2 

1416 . 99 

- 

3  0  0 

3103.25 

3103.54 

3  0  2 

3270.74 

3278.93 

3  2  0 

3278.82 

3285.67 

3  2  2 

3437.77 

3430.30 

5  0  0 

5123.38 

5120.14 

5  0  2 

5294.40 

5297.28 

5  2  0 

5318.61 

5319.72 

5  2  2 

5483.54 

5472.17 

7  0  0 

7127.01 

7129.09 

7  0  2 

7299.73 

7292.75 

7  2  0 

7318.23 

7320.40 

7  2  2 

7486.54 

7468.37 

* 

Mode  identification  is  conjectural.  Measured 
data  courtesy  of  T.R.  Meeker  and  A. A.  Comparini 
of  Bell  Laboratories. 


Figure  1  Plano-convex  Resonator 
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Figure  2  Electroded  Flat  Plate 
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Summary 

The  use  of  miniature  quartz  resonators  for  wrist 
watches  has  Increased  rapidly  In  recent  years.  Most 
of  these  resonators  are  either  bar-shaped  flexural 
resonators  or  tuning  fork  resonators  at  32  kHz.  A  bar¬ 
shaped  resonator  is  easy  to  manufacture,  but  difficult 
to  mount  in  a  limited  space  as  to  withstand  severe 
shock  and  vibration.  On  the  other  hand,  a  tuning  fork 
resonator  is  inherently  resistant  to  shock  and  vibra¬ 
tion,  but  requires  more  complicated  manufacturing, 
especially  in  splitting  arms  and  shaping  electrodes. 
Furthermore,  the  bar-shaped  resonator  exhibits  a 
rather  large  aging  and  both  types  of  resonators  have 
parabolic  frequency  temperature  curve.  Consequently, 
the  accuracy  of  wrist  watches  using  these  types  of 
resonators  is  on  the  order  of  10  seconds  per  month. 

Therefore,  there  has  been  a  strong  demand  for  a 
miniature  quartz  resonator  featuring  low  aging,  good 
frequency  temperature  curve,  good  productivity  and  high 
resistance  against  shock  and  vibration.  One  candidate 
to  meet  this  demand  is  an  AT-cut  strip  resonator  with 
tilted  edges  previously  reported. (1)  The  tilting  of 
the  edge  planes  off  normal  relative  to  the  major 
surface  eliminates  coupling  between  the  desired  thick¬ 
ness  shear  mode  and  the  undesired  face  shear  modes 
which  would  otherwise  cause  strong  unwanted  responses 
and  an  undesirable  change  in  the  frequency  temperature 
curve  when  the  width  dimension  is  reduced  for  miniatur- 
i.’ati  on . 

Zumsteg  and  Suda  reported  on  properties  of  a  4  MHz 
miniature  flat  rectangular  quartz  resonator  vibrating 
in  a  coupled  mode. (2)  A  resonator  elongated  in  the 
Z  direction  vibrates  in  a  coupled  mode  between  the 
thickness  shear  mode  and  flexure  mode.  In  this  case, 
the  location  of  the  inflection  point  of  the  cubic 
frequency  temperature  curve  shifts  to  a  higher  temper¬ 
ature,  as  Royer  has  suggested  already. (3)  This  shift 
cannot  be  corrected  by  adjustment  of  the  cut  angle. 

This  paper  describes  the  development  of  4.2  MHz 
AT-cut  strip  resonators  with  tilted  edges  for  wrist 
watches.  A  good  cubic  frequency  temperature  charac¬ 
teristics  are  realized  by  selection  of  a  combination 
between  the  cut  angle  and  tilt  angle.  A  low  Cl  value 
and  high  quality  factor  can  be  realized  by  beveling 
and  mounting  securely  at  both  ends  along  the  length. 
Therefore  high  resistance  against  shock  and  vibration 
is  realized.  Presently  the  resonator  is  sealed  in  a 
cold-welded  flat  package,  and  low  frequency  aging 
characteristics  are  obtained.  The  resonator  is 
miniature  enough  for  wrist  watch  application.  An  SOS 
C-MOS  LSI  is  used  for  the  oscillator  and  frequency 
dividers.  Total  current  consumption  is  presently 
8  uA  at  1.5  V.  A  wrist  watch  using  this  circuit  and 
one  silver  oxide  battery  can  keep  time  as  accurately 


as  1  second  per  month  for  one  year. 

Key  Words 

AT  strip  with  tilted  edges,  Beveling,  Cold-welded  flat 
package,  Cubic  frequency  temperature  curve.  Low  aging, 
SOS  C-MOS  LSI 

Introduction 

A  rotated  Y-cut  quartz  resonator,  such  as  AT  or 
BT,  vibrates  in  a  similar  thickness  twist  mode  in 
which  the  direction  of  displacement  is  parallel  to  the 
diagonal,  X,  axis.  Fig.  1  (a)  shows  the  thickness 
twist  mode  of  a  large  isotropic  plate.  Edge  planes 
perpendicular  to  the  major  surface  are  traction-free 
for  displacement  of  the  pure  thickness  twist  mode. 

This  isotropic  case,  a  strip  with  a  rectangular  cross 
section  has  been  used  to  obtain  a  miniaturized  resona¬ 
tor  as  shown  in  Fig.  1  (b) . 

Because  of  anisotropy,  however,  edge  planes 
perpendicular  to  the  major  surface  are  no  longer 
traction-free  for  displacement  of  the  pure  thickness 
twlse  mode  of  an  infinite  quartz  plate.  Tilting  of 
the  edge  planes  off  normal  to  the  major  surfaces 
satisfied  the  traction-free  boundary  conditions  of 
edge  planes  as  shown  in  Fig.  1  (c)  and,  thus,  elimi¬ 
nates  the  coupling  between  the  desired  thickness  shear 
mode  and  the  undesired  face  shear  modes  which  would 
otherwise  cause  strong  unwanted  responses  and  undesir¬ 
able  change  in  the  frequency  temperature  curve  when 
the  width  dimension  is  reduced  for  miniaturization. 

A  rotated  Y-cut  strip  resonator  with  its  coordi¬ 
nate  system  is  shown  in  Fig.  2.  The  length  of  the 
plate  along  the  X-axis  is  large  compared  with  the 
width  and  thickness.  6  is  the  cut  angle  and  a  is  the 
tilt  angle  of  the  edges.  Fig.  3  shows  the  typical 
shape  of  a  resonator.  The  length  along  the  X-axis  is 
2a,  Z-axls  is  2c  and  the  thickness  is  2h.  The  range 
of  useful  tilt  angle  is  5  to  10  degrees  for  AT-cut. 

A  miniature  AT-cut  strip  resonator  with  tilted 
edges  has  less  unwanted  responses  and  good  cubic 
frequency  temperature  characteristics.  This  paper 
discusses  the  development  of  a  4.2  MHz  strip  resonator 
for  wrist  watch  as  one  application  of  this  resonator. 

Design  and  Fabrication 

The  thickness  is  determined  by  the  resonant 
frequency,  but  the  contour  dimension  along  the  X  and 
Z-axis  can  be  freely  chosen.  The  length  along  the 
X-axis  is  not  critical  and  is  chosen  as  25  times  the 
thickness.  The  length  along  the  Z-axls  without 
coupling  with  the  face  shear  mode  is  chosen  (to  be  4 
times  the  thickness) .  The  frequency  spectrum  around 
the  fundamental  thickness  twist  mode  is  shown  in  Fig.  4 


as  a  function  of  the  width  versus  thickness  ratio. 

The  horizontal  line  is  for  the  thickness  twist  mode 
and  the  slopes  are  for  the  overtone  of  the  face  shear 
modes . 

The  frequency  temperature  characteristics  are 
controlled  by  selection  of  a  combination  between  the 
cut  angle  and  tilt  angle.  Fig.  5  shows  the  change  In 
the  effective  cut  angle  at  the  frequency  temperature 
characteristics  as  a  function  of  the  cut  angle  at 
c/h»4,  a/h«25  contour  dimension  with  5  degrees  tilt. 
The  effective  cut  angle  Is  the  cut  angle  of  an 
infinite  plate  calculated  from  the  freqe-ncy  temper¬ 
ature  characteristics  of  a  finite  plate.  A  zero 
temperature  coefficient  is  realized  at  a  cut  angle 
of  35 "09 ' . 

The  Cl  value  has  a  close  dependence  on  the  length 
along  the  X-axis  because  the  leakage  of  vibration 
energy  also  depends  on  it.  Beveling  both  ends  along 
the  X-axis  is  effective  in  preventing  energy  leakage. 
The  changes  in  the  Cl  value  and  quality  factor  achiev¬ 
ed  by  beveling  both  ends  are  shown  in  Fig.  6.  The  Cl 
value  decreases  to  1/10  and  the  quality  factor 
increases  eight  times  after  beveling.  Fig.  7  shows 
the  picture  of  a  strip  resonator  beveled  both  ends. 

The  resonator  is  securely  mounted  at  both 
beveled  ends  along  the  length  as  shown  in  Fig .  8 . 

This  mounting  structure  strengthens  the  resistance 
against  shock  and  vibration  without  adversely 
affecting  the  properties  of  the  resonator,  and  is 
suitable  for  sealing  in  a  flat  package.  Presently 
the  resonator  is  sealed  In  an  X-41  or  X-31  type  cold- 
welded  flat  package.  Fig.  9  shows  the  X-41  type 
package  of  11.7  x  2.6  x  4.1  mm.  Fig.  10  shows  the 
X-31  package  of  12  x  3.1  x  3.1  mm. 

Characteristics 

As  shown  in  Fig.  11  (a),  (b) ,  the  resonator  has 
a  clean  frequency  spectrum.  The  measured  frequency 
responses  over  a  wide  range  from  1.5  to  6.5  MHz  is 
shown  in  (a) .  The  first  face  shear  mode  appears  at 
nearly  1.6  MHz.  The  frequency  responses  over  a  narrow 
range  from  3.7  to  4.7  MHz  is  shown  in  (b) . 

The  frequency  temperature  characteristics  over 
the  -10“C  to  +80"C  range  are  shown  in  Fig.  12.  The 
frequency  change  is  less  than  10  ppm  and  is  nearly 
one-fifth  as  large  as  that  of  a  tuning  fork  resonator. 
For  wrist  watch  applications,  the  location  of  the 
inflection  point  of  the  cubic  frequency  temperature 
curve  should  be  slightly  higher  than  the  room  temper¬ 
ature. 

Typical  equivalent  constants  of  the  resonator 
are  given  in  Table  1.  The  Cl  value  of  50(1  is  low 
enough  for  oscillation  with  an  C-MOS  LSI.  The  maximum 
frequency  change  due  to  temperature  change,  vibration, 
shock  and  aging  is  shown  in  Table  2.  The  resonator 
is  extremely  resistant  to  severe  shock  and  vibration. 

The  special  support  method  and  cold-welded 
enclosure  provide  the  resonator  with  a  reliable 
characteristics  as  shown  in  Fig.  13.  Because  of  its 
parallel  capacitance  Co  1.8  pF  and  capacitance  ratio 
of  Co/Ci  of  280,  the  typical  frequency  versus  load 
capacitance  curve  of  the  resonator  has  the  wide 
adjustable  range  as  shown  in  Fig.  14. 

Oscillator  and  Dividers 

A  low  current  consumption,  high-speed  operation 
circuit  is  required  for  watch  applications.  Further¬ 
more,  the  circuit  must  also  be  stable  against  changes 


in  the  DC  supply  voltage.  Therefore,  an  SOS  (Silicon 
on  Sapphire)  C-MOS  LSI  is  used  for  the  oscillator  and 
frequency  dividers  as  shown  in  Fig.  15. 

The  measured  frequency  change  as  a  function  of 
the  DC  supply  voltage  is  shown  in  Fig.  16.  The 
oscillation  starting  voltage  Is  1.2  V  at  a  Cl  of  60(1. 

If  Cl  is  increased  to  110(1,  the  starting  voltage 
increases  to  1.3  V.  The  change  in  total  current 
consumption  as  a  function  of  the  DC  aupply  voltage 
is  shown  in  Fig.  17.  Total  current  consumption  is 
8uA  at  1.5  V,  60(1,  and  increases  only  slightly  even  if 
the  Cl  is  increased  to  110(1.  The  oscillation  frequency 
is  adjustable  by  controlling  the  parallel  load  capa¬ 
citance  in  the  oscillation  circuit.  The  frequency  is 
adjustable  over  the  120  ppm  by  changing  the  parallel 
load  capacitance  between  0.5  and  3  pF  as  illustrated 
in  Fig.  18.  A  wrist  watch  using  this  circuit  and  one 
silver  oxide  battery  can  keep  time  at  an  accuracy  of 
1  second  per  month  for  one  year. 

Miniaturization 

4.2  MHz  quartz  resonators  more  miniature  than 
the  X-41  and  X-31  type  will  be  demanded  in  the 
future.  Such  resonators  are  being  developed  based 
on  the  theory  and  experimental  results  of  the  X-41  and 
X-31  type  resonators.  The  dimensions  of  the  resonator 
are  approximately  6.5  ran  long,  2  mm  wide,  0.4  mm  thick. 
Fig.  19  shows  this  superminiature  strip  resonator 
beveled  both  ends.  These  reduced  dimensions  have  no 
effect  on  the  Cl  value.  Good  cubic  frequency  temper¬ 
ature  characteristics  can  be  maintained  by  suitable 
selection  of  a  combination  between  cut  angle  and  tilt 
angle.  Miniaturization  has  no  adverse  effect  on  the 
other  characteristics  either.  Presently  the  resonator 
is  sealed  in  a  cold-welded  8x2x3  mm  flat  package. 

Conclusion 

A  4.2  MHz  AT-cut  strip  resonator  for  wrist  watches 
has  been  developed  by  utilizing  the  principle  of  tilt¬ 
ing  the  edges.  Good  cubic  frequency  temperature  char¬ 
acteristics  have  been  achieved  by  suitable  selection 
of  the  cut  angle  and  tilt  angle.  The  resonator  is 
securely  mounted  at  both  beveled  ends  along  the  length 
to  realize  a  clean  frequency  spectrum  and  high  resist¬ 
ance  against  shock  and  vibration.  Presently  the 
resonator  is  sealed  in  a  cold-welded  flat  package  and 
a  low  aging  ratio  is  obtained. 

Typical  characteristics  are  as  follows: 


Nominal  frequency 

4.194304  MHz 

Frequency  tolerance  at  25*C 

+20  ppm 

Maximum  drive  level 

50  pW 

Maximum  series  resistance 

100  ohara 

Frequency  vs .  temperature 

variation  over  the  -10*C  to  +80*C 

10  ppm  max. 

Aging  ratio  First  month 

1  ppm  max. 

First  year 

2  ppm  max. 

Maximum  frequency  change  due 

to 

vibration  under  MIL-STD-202E 

2  ppm  max. 

method  201A  conditlone. 

Maximum  frequency  change  due 

to 

shock  under  KIL-STD-202E 

2  ppm  max. 

method  207A  conditions 

Parallel  capacitance 

1.8  pF 

Capacitance  ratio 

280 

A  wrist  vatch  using  an  SOS  oscillator  and  divider 
circuit  and  one  silver  oxide  battery  can  keep  time  at 
an  accuracy  of  1  sacond  per  month  for  one  year. 
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Fig.  3  Shape  of  a  strip  resonator  with  tilted  edges. 
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Fig.  1  Principle  of  miniaturization  of  thickness  twist  Fig.  4  Frequency  spectrum  of  the  exact  solution  as  a 
resonator.  function  of  the  width  versus  thickness  ratio. 

(a)  Traction-free  plane  in  a  large  resonator. 

(b)  Strip  resonator  with  rectangular  cross-section. 

(  isotropic  case  ) 

(c)  Strip  resonator  with  parallel  piped 
cross-section . 

(  anisotropic  case  ) 
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Fig.  5  Change  of  the  effective  cut  angle  at  frequency 

temperature  characteristics  as  a  function  of  the 
cut  angle. 
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Fig.  14  Frequency  vs.  load  capacitance  characteristics 
of  the  resonator. 


Table  1  Typical  equivalent  constants  of  the  resonator. 


CONDITION 

Max.  FREQ 
CHANGE 

Freq.  Temp 
Characteristics 

-icrc-MO’c 

20  ppm 

Vibration 

MII.-STO-202E 

METHOD  20IA 

2  ppm 

Shock 

SO  cm 

Random 

Dropping 

2  ppm 

First  30  Days 

t  ppm 

First  Year 

2  ppm 

Fig.  15  Oscillator  and  frequency  dividers  circuit 
using  SOS  CMOS  LSI. 


Table  2  Maximum  frequency  change  due  to  temperature 
change,  vibration,  shock  and  aging. 
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Fig.  16  Measured  frequency  change  as  a  function  of 
the  DC  supply  voltage. 

Fig.  18  Measured  frequency  change  as  a  function  of 
the  parallel  load  capacitance. 
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Fig.  19  Picture  of  a  superminiature  strip  resonator 
beveled  both  ends. 


Fig.  17  Total  current  consumption  as  a  function  of 
the  DC  supply  voltage. 


DT-  CUT  TORSIONAL  RESONATORS 
by 

J.  Hermann 
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NeuchStel,  Switzerland 


Summary 

The  properties  of  quartz  bars  vibrating  in 
torsion  are  studied,  the  analysis  being  restricted  to 
resonators  with  a  rectangular  cross  section  and  the 
length  oriented  along  the  X-axis. 

Several  relations  are  developped  for  the 
determination  of  the  following  quantities:  frequency, 
stress  distribution,  piezoelectric  coupling  factor,  as 
well  as  static  and  motional  capacitances. 

Furthermore,  curves  are  presented  which 
give  the  first  -and  second- order  temperature  coef¬ 
ficient  of  frequency  as  a  function  of  the  angle  of  cut 
(X-rotation)  and  of  the  dimensional  ratio  of  the  cross 
section.  These  curves  show  that  for  two  angles  of  cut, 
corresponding  approximately  to  the  DT-and  CT-cuts 
known  for  surface  shear  resonators,  the  first-order 
temperature  coefficient,  which  is  then  zero,  is  nearly 
independent  of  the  dimensional  ratio  of  the  cross  sec¬ 
tion.  The  second-order  temperature  coefficient  of  the 
DT-cut,  which  lies  in  the  range  -15  to  -20 •  10-9/°c2, 
has  only  half  the  value  usually  obtained  with  flexural 
and  length-extensional  resonators. 


This  study  leads  to  a  DT-cut  torsional  resonator, 
whose  zero  first-order  temperature  coefficient  is 
very  nearly  independent  of  the  dimensional  ratio  of 
the  cross  section. 

The  analysis  has  been  restricted  to  bars 
whose  length  is  oriented  along  the  X-axis  for  the  fol- 
fowing  reasons  : 

(i)  There  is  neither  elastic  nor  piezoelectric 
coupling  to  flexural  modes. 

(ii)  The  highest  possible  piezoelectric  coupling  to 
torsion  is  obtained. 

(iii)  A  single  rotation  is  sufficient  to  annul  the 
first-order  temperature  coefficient  of  fre¬ 
quency. 

Torsion -function  and  torsional  rigidity 

The  torsion  problem  has  been  first  studied 
by  Saint-Venant,  and  later  by  Love4.  Their  analysis 
is  based  on  the  use  of  a  so-called  "torsion-function", 
which  turns  out  to  be  proportional  to  the  out-of-plane 
motion  of  the  cross  section. 


It  is  also  shown  that  two  torsional  bars  can 
be  coupled  to  form  a  torsional  tuning-fork.  The  pro¬ 
perties  of  such  resonators  are  very  similar  to  those 
of  torsional  bars . 


Introduction 


Few  papers  have  been  devoted  to  quartz 
resonators  with  low  first-order  temperature  coeffi¬ 
cients  vibrating  in  torsion.  Giebe  and  Blechschmidt  1 
have  studied  the  temperature  behavior  of  quartz  bars 
having  a  rectangular  cross  section,  with  edges  orien¬ 
ted  along  the  Y-  and  Z-axes,  and  the  length  oriented 
along  the  X-axis.  They  have  shown  that  a  zero  first- 
order  temperature  coefficient  of  frequency  can  be  ob¬ 
tained  by  a  suitable  choice  of  the  dimensional  ratio  of 
the  cross  section.  Vasin  and  Pozdnjakov2.3  have 
described  a  similar  resonator,  whose  cross  section 
has  been  rotated  by  t  450  about  the  X-axis,  in  order 
to  increase  the  piezoelectric  coupling.  The  drawback 
of  both  resonators  is  a  very  strong  dependence  of  the 
first-order  temperature  coefficient  upon  the  dimen¬ 
sional  ratio  of  the  cross  section,  which  calls  for  very 
stringent  dimensional  tolerances. 

The  analysis  presented  in  this  paper  yields  a 
quite  accurate  frequency  equation,  which  allows  the 
determination  of  the  temperature  behavior  of  quartz 
bars  up  to  the  second -order  temperature  coefficient. 


The  length  of  the  bar  is  oriented  along  the 
x-axis,  and  its  cross  section  lies  in  the  (y,  z)  plane. 
Two  quantities  are  introduced  : 

0  (y,  z)  :  torsion-function  [m^j 
T  (x)  :  torsion  angle  per  unit  length 

The  displacements  are  then  given  by  the  following 
relations: 

u  =  T  0 
v  =  Txz 


w  =-Txy 


Consequently,  the  only  non-zero  strains  are  S5  and 
Sg  .  Moreover,  due  to  the  fact  that  X  is  a  digonal 
axis,  T5  and  Tg  are  the  only  non-zero  stresses. 
This  also  holds  in  the  resonant  case,  providing  that 
the  cross-sectional  dimensions  of  the  bar  are  small 
compared  to  its  length. 


Love  has  shown  that  the  shear  stresses 
across  a  rectangular  cross  section  are  equivalent  to 
a  couple  of  moment  CT,  with  : 


r  |f55y(y-37)+c66z(z+|f)+c56(z^- ygf>]  dy 


dz 


cross  section 
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The  determination  of  C ,  which  is  known  as 
the  torsional  rigidity,  is  greatly  simplified  in  the 
case  C56  r  0.  This  assumption,  which  leads  to  small 
inaccuracies  that  will  be  discussed  later,  has  been 
made  throughout  this  paper.  It  implies  that: 

s56  =  0  and  s55  c55  =  s66  c66  =  1 


But  in  fact: 

c56  *  0  *  s56  and  s55  c55  =  s66  c66  >  1 

which  means  that  the  simplifying  assumption  leads  to 
different  consequences  depending  whether  the  various 
relations  are  expressed  in  terms  of  elastic  stiffnes¬ 
ses,  or  in  terms  of  elastic  compliances.  Considera¬ 
tions  based  upon  Hamilton's  principle  lead  to  expect 
the  latter  choice  to  yield  much  more  accurate  values. 
This  is  supported  by  comparison  between  theoretical 
and  experimental  frequencies.  The  following  substitu¬ 
tions  have  therefore  been  made  in  Love's  relations  : 
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Fig.  1  shows  the  cross  section  of  the  bar. 
and  defines  the  dimensionless  quantities  M  ,  and  at  . 

The  torsion-function  and  the  torsional  rigidi 
ty  are  easily  obtained  from  Love's  relations. 
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Stress  distribution 


The  relevant  stresses  are  derived  from  the 
torsion-function : 


T5  = 


s55 


, Z<t>  , 
(T?-y) 


t6- 


so  that 


It  follows  from  the  above  equations  that,  for 
a  markedly  rectangular  cross  section,  the  main  con¬ 
tribution  to  the  elastic  energy  is  made  by  the  shear 
stress  whose  axis  is  normal  to  the  larger  faces.  But 
even  in  this  case,  the  ratio  Tg  max  /Tgmax  is  not 
very  different  from  unity.  This  is  shown  in  fig.  3, 
which  presents  this  quantity  for  various  cross-sec¬ 
tional  ratios  as  a  function  of  the  angle  of  cut  V  (X- 
rotation) . 

Fig.  4  and  fig.  5  represent  both  stresses,  in 
normalized  form,  for  b/a  =  ty 4  and  V - -53°  (DT-cut) . 
It  is  apparent  that  Tg  varies  almost  linearly  with  the 
thickness,  whereas  Tg  presents  a  kind  of  "skin- 
effect"  . 


Frequency  equation 

It  has  been  shown  ®  that  the  fundamental  tor 
sional  frequency  of  a  rod  is  given  by  the  relation  : 

f  .  _i_ 

2L  Vfl 

where  : 

L  :  length  of  the  rod 
C  :  torsional  rigidity 
p  :  density 

I  =  U  (y2  +  z2)  dy  dz  :  moment  of  inertia  of  the  cross 
'cross  section 

section 


The  frequency  may  then  be  expressed  by  the  following 
fast  converging  series  : 


lVpss 5  \/1+fr)2 


tanh 


(2n+l  frrat 


(2n+l)5 


The  frequency  constant  f  L  relative  to  three 
different  angles  of  cut  has  been  plotted  in  fig.  6  as  a 
function  of  the  dimensional  ratio.  The  variation  of  this 
ratio  has  been  restricted  to  the  range  0  <  b/a  ^  it  so 
that  the  Y'-axis  is  always  normal  to  the  larger  faces 
of  the  bar.  The  curve  corresponding  to  the  angle 
V  =  -58°,  respectively  32°,  has  been  selected 
because  it  represents  nearly  an  envelope  of  the  set. 
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Each  stress  is  symmetrical  with  respect  to 
the  axis  of  the  cross  section  normal  to  its  own  axis. 
Its  value  is  zero  along  two  faces,  and  reaches  a 
maximum  in  the  center  of  the  other  two  faces.  This  is 
illustrated  in  fig.  2. 


The  frequency  equation  has  been  checked 
against  experimental  data  from  several  authors  : 

-  Giebe  and  Blechschmidt  ty  0. 25  <  b/a  ^  1 

¥  =  0°  and  ?  *  90° 

-  Pozdnjakov3:  0.  8  <b/a  ^  1  ,  «  -  45° 

-  CEH  :  b/a  =  0.25  ,  V>  =  -  53° 

In  all  cases,  the  discrepancies  are  found  to  be  smal¬ 
ler  than  1%. 


Temperature  behavior 

The  temperature  behavior  of  torsional  bars 
may  be  determined  by  means  of  the  frequency  equation. 
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To  avoid  lengthy  analytical  derivations,  a  numerical 
method  is  used,  winch  calls  for  the  frequency  to  be 
computed  at  three  different  temperatures,  convenien¬ 
tly  chosen  symmetrical  with  respect  to  25 °C.  The 
temperature  coefficients  of  the  various  constants  in¬ 
volved  are  taken  into  account  up  to  the  third-order, 
and  the  first-  and  second-order  temperature  coef¬ 
ficients  of  frequency  are  then  easily  obtained. 

The  computations  have  been  performed  using 
values  given  by  Bechmann  and  al.®  at  constant  electric- 
field. 

Fig.  7  presents  the  first-order  temperature 
coefficient  as  a  function  of  the  b/a  ratio,  for  various 
angles  of  cut.  This  figure  shows  that  there  exist  two 
angles,  approximately  equal  to  -52°  and  36°,  for 
which  a  zero  first-order  temperature  coefficient  is 
obtained  for  resonators  having  low  b/a  ratios.  More¬ 
over,  these  two  cuts  are  characterized  by  a  small 
sensitivity  of  the  temperature  coefficient  with  respect 
tc  the  dimensional  ratio. 

By  comparison,  the  torsional  bars  studied  by 
Giebe  and  Blechschmidt  ^  (<P=  0°),  and  by  Vasin  and 
Pozdnjakov  2. 3  ( =  -  45°),  exhibit  much  larger  sensi¬ 
tivities,  which  make  these  resonators  unsuitable  for 
stringent  temperature  behavior  tolerances. 


Piezoelectric  coupling 

The  highest  pussiDle  piezoelec  tric  coupling  is. 
obtained  by  adding  the  contributions  of  the  electric 
fields  E2  and  £3  .  The  piezoelectric  constants  invol¬ 
ved  are  d25  and  d;jg  ,  which  have  the  same  sign  ex¬ 
cept  within  two  narrow  angular  domains.  The  best 
eb-ctrode  pattern  is  shown  in  fig.  11,  with  the  restric¬ 
tion  that  the  extension  of  the  vertical  metallization 
over  the  edges  is  not  oesirablc.  but  may  be  called  for 
by  practical  considerations. 

The-  various  energy  densities  over  the  cross 
section  are  given  by  the  following  relations: 

1  2 

mechanical  :  um  =  - — —  C  T 
111  8ab 

eK-ctrical  :  ue  =  t  c0  Y  02 

piezoelectric  -  up  -  ^[{"[^5  ~d36T6|^]  dv  d: 

II  cross 
section 

where  O  $  Y  ssYo  :  electrostatic  potential 

c0  :  normalized  static  capacitance  per- 
unit  length 


It  is  interesting  to  note  that  the  two  angles 
mentioned  above  (-52°/ 36°)  correspond  nearly  to  the 
DT-  and  CT-cuts  known  for  surface  shear  resonators 
This  is  not  surprising,  since  only  a  single  shear 
stress  contributes  to  the  elastic  energy  of  resonators 
having  markedly  rectangular  cross  sections.  Their 
frequency  equation  is  then  similar  to  that  of  surface 
shear  resonators. 

Fig.  8  shows  the  second-order  temperature 
coefficient  of  frequency,  whereas  fig.  9  gives  the 
first-order  temperature  coefficient,  at  an  enlarged 
scale,  for  DT-  and  CT-cuts.  Fig.  10  presents  the 
corresponding  curves  for  the  second-order  tempera¬ 
ture  coefficient,  which  is  seen  to  be  lower  for  the 
DT-cut. 


Combining  the  various  equations  derived  pre¬ 
viously  leads  to  the  relation  giving  the  static-  piezo¬ 
electric  coupling  factor  ■ 
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Comparisons  have  been  made  between  com¬ 
puted  and  measured  temperature  coefficients  for 
nearly  square  cross  sections,  with  0°  '  and 
=  -  45°  2,  as  well  as  for  markedly  rectangular 
cross  sections  with  V=  -52°.  These  comparisons  are 
summarized  as  follows  : 


^  ^  |  computed  *  *  ^(measured  '  ®  c 

|  computed  *  Tf'^jmeasured  = -3  -  5  10  ®/°C2 

The  main  reason  for  these  discrepancies  is 
thought  to  be  the  assumption  that  sgg  =  0,  which 
yields  a  slightly  inaccurate  frequency  equation.  Con¬ 
sidering  the  various  relations  involved  in  Love's 
analysis,  it  is  easy  to  show  that  a  first-order  frequen - 
cy  correction  should  be  proportional  to  sjg  .  But  the 
dependence  of  the  proportionality  constant  upon  the 
angle  of  cut  and  upon  the  dimensional  ratio  is  unknown, 
so  that  its  influence  on  the  temperature  behavior  can¬ 
not  be  determined. 
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The  electrostatic  potential  V,  and  the  nor¬ 
malized  static  capacitance  c0,  are  determined  b\  an 
plying  a  method  based  on  the  use  of  conformal  trans- 
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formations,  to  obtain  a  uniform  electrostatic  field.  It 
is  thereby  assumed  that  the  crystal  is  electrically 
isotropic,  and  the  influence  of  the  external  electro¬ 
static  field  is  neglected.  This  method,  which  makes 
use  of  Jacobi  elliptic  functions  and  of  elliptic  integrals 
of  the  first  kind,  has  been  described  in  an  earlier 
paper  devoted  to  flexural  resonators  ^ . 

The  determination  of  the  dynamic  coupling 
factor  calls  for  integration  over  the  length  of  the  bar, 
which  is  assumed  to  be  only  partially  metallized.  The 
edge  effects  along  the  length  are  neglected,  and  the 
stress  distribution  is  taken  as  sinusoidal. 


The  static  and  motional  capacitances,  res¬ 
pectively  CQ  and  Cj  ,  as  well  as  the  dynamic  coup¬ 
ling  factor  kj  ,  are  given  by  the  following  relations  : 


Cq  -  6, 1  cQ 

Ci  =  n  Icj 


<d  =  » 


It  is  found  experimentally  that  the  tuning-fork 
torsional  frequency  is  nearly  equal  to  that  of  a  torsio¬ 
nal  bar  whose  half-length  is  defined  in  that  figure.  The 
frequencies  computed  with  this  empirical  relation 
have  been  compared  to  the  measured  frequencies  of 
several  torsional  tuning-forks,  having  quite  different 
angles  of  cut  and  dimensional  ratios.  The  correspon¬ 
ding  frequencies  are  found  to  differ  by  less  than  6  To. 

It  ’B  interesting  to  note  that  the  same  equiva¬ 
lent  clamping-plane  may  be  defined  for  flexural  tuning- 
forks,  which  are  then  to  be  considered  as  two  clamped 
bars  of  length  L/2  .  In  this  case,  computed  and  measu¬ 
red  frequencies  agree  within  4%  . 

The  temperature  behavior  of  DT-cut  torsio¬ 
nal  tuning-forks  has  been  measured,  and  found  to  dif¬ 
fer  slightly  from  that  of  DT-cut  torsional  bars.  For 
instance,  the  second-order  temperature  coefficient  of 
optimized  tuning-forks  is  about  -20  •  10"9/°c2,  com¬ 
pared  to  -1510'9/°c2  for  torsional  bars  . 


where 
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Tuning-forks  have  several  advantages  over 
torsional  bars.  They  are  suitable  for  batch -proces¬ 
sing,  easier  to  mount,  and  exhibit  a  better  shock 
resistance.  Furthermore,  the  electrode  pattern  may 
be  chosen  so  as  to  build  a  three-terminal  device,  thus 
simplifying  the  design  of  stable  low -power  oscillators. 

It  is  felt  that  torsional  tuning-forks  may  be 
considered  as  an  alternative  to  flexural  tuning-forks, 
in  particular  for  wrist-watch  applications. 


The  complexity  of  the  various  transforma¬ 
tions  involved  precludes  any  determination  of  the  sta¬ 
tic  coupling  factor  by  analytical  integration.  A  com¬ 
puter  program  has  been  used  for  determining  the 
electrostatic  potential  on  a  regular  array  and  for  per¬ 
forming  numerical  integrations. 

Curves  have  been  computed  for  the  case 
V  =  -53°,  with  the  vertical  metallization  limited  to 
the  edges  (a  =  a).  Fig.  12  gives  the  normalized  static 
capacitance  c0 ,  fig.  13  the  normalized  motional  ca¬ 
pacitance  c ^  ,  and  fig.  14  the  square  of  the  static 
piezoelectric  coupling  factor.  These  curves  provide 
the  information  needed  to  determine  the  static  and 
motional  capacitances  of  DT-cut  torsional  resonators . 


Conclusions 

This  paper  gives  the  equations  necessary  for 
computing  the  properties  of  torsional  quartz  resona¬ 
tors  whose  length  is  oriented  along  the  X-axis,  and 
having  a  rectangular  cross  section.  It  shows  that  DT- 
cut  torsional  resonators  exhibit  a  temperature  beha¬ 
vior  similar  to  the  one  of  DT-cut  shear  resonators, 
and  that  they  can  be  built  as  torsional  tuning-forks. 

The  analysis  presented  is  not  restricted  to 
quartz  crystals,  but  may  be  applied  to  similar 
materials,  such  as  berlinite,  or  to  materials  of  higher 
crystal  symmetry. 


Torsional  tuning-fork 

A  certain  analogy  between  flexure  and  tor¬ 
sion  suggests  that  two  torsional  bars  can  be  coupled 
to  form  a  torsional  tuning-fork.  This  view  is  suppor¬ 
ted  by  experimental  evidence,  showing  that  such 
resonators  essentially  retain  the  basic  properties  of 
torsional  bars. 

The  analysis  of  torsional  tuning-forks  may 
prove  to  be  even  more  difficult  than  that  of  their 
flexural  counterparts.  This  is  due  to  the  predominan¬ 
tly  out-of-plane  particle  motion  and  to  the  more  com¬ 
plex  stress  distribution,  and  no  attempt  has  been 
made  to  achieve  this  goal.  Instead,  an  empirical  fre¬ 
quent. y  relation  has  been  derived,  based  on  the  defini¬ 
tion  of  an  'equivalent  clamping-plane",  as  represen¬ 
ted  in  fig.  1  3. 
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Fig.  1  Cross  section  of  a  torsional  bar 
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Fig.  13  Normalized  motional  capacitance  cj 


Fig.  15  Torsional  tuning-fork 
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An  accelerometer  has  been  developed,  which 
utilizes  force  sensitivity  of  quartz  crystal  resonators. 
Two  identical  rectangular  reson-’  ors  are  stacked 
together  with  a  small  gap  and  clamped  along  one  edge  as 
a  cantilever.  A  mass  is  attached  to  the  opposite  edge. 
Each  resonator  is  driven  by  an  oscillator  circuit  and 
oscillates  at  its  own  resonant  frequency  of  thickness- 
shear  mode.  The  output  of  both  oscillators  is  mixed 
to  yield  the  beat  frequency,  which  is  proportional  to 
the  acceleration  and  hence  the  desired  output  of  the 
accelerometer.  Since  the  output  is  the  frequency,  the 
digital  data  processing  can  be  easily  applied.  For 
telemetry,  a  FM  transmitter  of  around  170  MHz  is 
modulated  by  the  beat  frequency  output.  The  size  of 
the  whole  package  is  40x20x20  mm. 

The  accelerometer  shows  an  uniaxial  force 
sensitivity.  This  is  because  only  the  force  component 
perpendicular  to  the  major  surfaces  of  resonators 
streches  one  resonator  and  congresses  another  resonator. 
This  causes  opposite  shifts  in  oscillator  frequencies 
and  yields  the  beat  output.  On  the  other  hand,  other 
force  components  cause  the  same  shift  in  oscillator 
frequencies  and  hence  no  beat  output. 

Similar  cancellations  are  obtained  for  the  DC 
offset  due  to  temperature  variation  and  aging.  The 
temperature  variation  of  the  force  sensitivity  of  two 
resonators,  however,  cannot  be  cancelled  out.  Hence 
it  is  required  to  use  resonators,  of  which  force 
sensitivity  is  insensitive  to  temperature  variation. 
Hence  in  this  study  a  search  was  done  for  crystal  cuts 
with  zero  tenperature  dependence  of  force  sensitivity, 
several  useful  cuts  with  zero  temperature  dependence  of 
force  sensitivity  have  been  foind,  which  includes  BT- 
and  RT-cuts,  besides  of  AT-cut  already  reported  by 
Dauwater  (19  72).  In  the  case  of  a 

rectangular  plates,  the  temperature  dependence  is  a 
function  of  the  location  of  point  of  application  of 
force.  Hence  another  possibility  exists  to  obtain  the 
zero  temperature  dependence. 

Introduction 

Resonance  frequencies  of  quartz  crystal  plates 
change  by  the  application  of  external  force!  This 
effect  is  troublesome  in  the  application  of  high- 
precision  quartz  resonators.  On  the  other  hand,  the 
use  of  this  effect  can  be  made  to  realize  a  force  to 
frequency  sensor.  In  practical  uses  of  such  a  sensor, 
it  is  important  to  reduce  temperature  dependence  of  the 
force  to  frequency  sensitivity  as  well  as  the 
frequency  itself. 

Much  work  has  been  done  on  the  effect  of  external 


force  on  the  frequency  of  a  quartz  resonator.  Ballato 
and  Bechmann  studied  the  sensitivity  as  a  function  of 
the  angle  of  cut  and  the  azimuth  angle?*5  Then  followed 
extensive  work  by  Mingins  et  al.1*  Ratajski  summarized 
data  of  rotated  Y-cut  plates  in  a  chart  form? 

Theoretical  calculation  of  the  sensitivity  was 
done  by  Keyes  and  Blair,  who  assumes  isotropy  in  stress 
analysis  of  a  crystal  plate?  More  general  treatment 
was  presented  by  Lee  et  al.5  These  calculations  using 
the  third  order  elastic  constants  determined  by 
Thurston  et  alf  showed  a  fair  agreement  with 
experimental  data. 

Only  a  few  data  is  available  for  the  tenperature 
dependense  of  the  sensitivity.  Hammond  et  al.  reported 
that  a  large  temperature  coefficient  of  the  sensitivity 
of  a  cylindrical  pressure  sensor  using  an  AT-cut  was 
substantially  reduced  by  the  use  of  a  doubly  rotated 
cut?  Dauwalter  measured  tenperature  dependence  of  the 
force  sensitivity  of  an  AT-cut  as  a  function  of  azimuth 
angle  and  found  a  zero  tenperature  dependence  at  the 
angle  of  37  degree  from  the  X-axis!0 

In  this  paper,  first  the  tenperature  dependence  of 
the  sensitivity  of  other  rotated  Y-cuts  as  well  as 
doubly  rotated  cuts  are  presented.  Several  useful  cuts 
and  azimuth  angles  with  zero  tenperature  dependence  of 
the  force  sensitivity  are  found,  which  include  BT-cut 
and  RT-cut. 

Second  the  tenperature  dependence  of  the  force 
sensitivity  of  a  rectangular  quartz  crystal  plate  as 
a  function  of  the  location  of  point  of  application  of 
force  is  presented. 

Third  the  development  of  an  accelerometer 
insensitive  to  tenperature  variation  and  its 
characteristics  are  described. 


Force  to  Frequency  Sensitivity  and 
Its  Temperature  Dependense 


The  normalized  coefficient  of  the  force  to 
frequency  sensitivity  is  defined  by  Ratajski5  as 
follows : 

if  nD 


Kf  “  F  Fn” 


(1) 


where 

fif:  change  in  frequency  due  to  force 
F:  applied  force 
n:  order  of  overtone 
D:  diameter  of  quartz  crystal  plate 
f:  resonant  frequency 

n:  a  parameter  which  is  assumed  as  txiity  in  this 
study. 
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Rotated  Y-cuta 

Theoretical  analysis  shows  that  the  normalized 
coefficient  of  a  rotated-Y  cut  depends  on  the  azimuth 
angle,  of  applied  force  in  the  following  manner7: 

KfW  -  P  +  Qcos(2*)  (2) 

where  P  and  Q  are  parameters  which  depend  on  the  angle 
of  cut.  Hence  the  temperature  dependence  of  is 
fully  described  by  the  temperature  dependence  of  two 
parameters  P  and  Q  or,  equivalently,  Kf(0)  and  Kf(90). 

In  the  experiment,  10.7  MHz  rotated  Y-cut  circular 
resonators  are  used.  The  diameter  is  8  mm.  Gold 
electrode  of  2.6  mm  in  diameter  is  evaporated  in  the 
center.  A  congressional  force  of  200  ^500  gram  is 
applied  in  parallel  to  the  major  surface.  The 
tenperature  dependence  is  measured  in  the  range  from 
zero  to  80°C. 

Fig.l  shows  a  conparison  of  theroretical  and 
experimental  values  of  for  AT  and  BT  cuts  as  a 
function  of  the  azimuth  angle.  A  fair  agreement  is 
obtained  as  described  in  literatures.  Fig. 2  and  3 
show  the  linear  temperature  coefficient  of  Kf(0)  and 
K^(90)  at  35°C,  respectively,  as  a  function  of  the 
angle  of  cut.  The  coefficient  of  K,(0)  becomes  zero 
at  the  angle  of  cut  of  -55,  -43  and*+20  degree.  On 
the  other  hand,  the  coefficient  of  K  (90)  becomes  zero 
at  the  angle  of  cut  of  -10,  +3,  and  +20  degree. 

The  temperature  dependence  of  K  for  any 
combination  of  the  azimuth  angle  and1 the  angle  of  cut 
can  be  calculated  from  data  shown  in  Fig. 2  and  3.  In 
practice,  the  temperature  dependence  of  resonant 
frequency  itself  is  also  important.  Hence  AT  and  BT 
cuts  are  to  be  used.  Fig. 4  and  5  shew  the  temperature 
dependence  of  of  AT  and  BT  cuts  for  several  values 
of  the  azimuth  angle.  In  the  case  of  AT-cut,  the 
azimuth  angle  around  40  degree  yields  good  temperature 
characteristics  as  reported  by  Dauwater.10  In  the  case 
of  BT-cut,  a  zero  azimuth  angle  yields  a  good  result. 

Doubly  rotated  cuts 

A  serch  for  cuts  with  good  temperature  characte¬ 
ristics  of  the  force  sensitivity  is  extended  to  doubly 
rotated  cuts.  Results  are  summarized  in  Table  1.  The 
figure  of  merit,  M,  is  the  ratio  of  the  maximum 
variation  of  to  the  mean  value  of  over  the 
measured  tenperature  range.  The  values  for  AT  and  BT 
cuts  are  also  included  for  conparion. 

It  can  be  seen  RT  cut  ( 4>“  1 4 0 30 '  and  6--330481), 
which  is  one  of  doubly  rotated  cuts  having  zero 
temperature  coefficient  of  frequency,  yields  a  good 
result  at  the  azimuth  angle  of  120  degree.  Fig. 6  shows 
theoretical  and  experimental  values  of  of  RT-cut 
as  a  function  of  the  azimuth  angle.  The  curve  does  not 
exhibit  a  symmetry  around  the  zero  azimuth  angle. 

Fig.  7  shows  the  tenperature  dependence  of  K^(35)  and 
Kf(120).  Little  inprovement  in  temperature  characte¬ 
ristics  of  force  sensitivity  is  obtained  by  using 
doubly  rotated  cuts. 

Rectangular  plates 

So  far  the  circular  plates  are  used  in  the 
expeiment.  Similar  experiments  are  conducted  for 
rectangular  AT  cuts  in  order  to  see  the  effect  of  the 
sift  In  location  of  point  of  application  of  force. 

The  size  of  the  plate  is  10*15 >0.15  mm.  Fig.  8  shows 
three  types  of  rectangular  plates  and  the  point  of 
application  of  force,  Fig, 9  shows  K,  vs  the  sift  in 
h  mi  ion  of  point  of  application  of  force.  The 


temperature  dependence  of  K  at  points  specified  in 
Fig. 9  is  shown  in  Fig. 10. 

It  can  be  seen  in  Fig. 9  that  the  force  sensitivity 
becomes  zero  at  certain  points.  These  points  may  be 
suitable  for  mounting  a  precision  crystal  resonator. 

The  shift  of  point  of  application,  however,  yield  little 
inprovement  in  tenperature  characteristics  of  force 
sensitivity . 

Structure  of  accelerometer 

An  accelerometer,  of  which  structure  is  shown  in 
Fig. 11,  is  developed.  TVo  identical  rectangular 
resonators  are  stacked  together  witn  a  small  gap  and 
clamped  along  one  edge  so  that  each  plate  behaves  as  a 
cantilever.  These  resonators  are  hermetically  sealed 
by  bellows.  The  flexible  end  of  bellows  is  attached 
to  both  the  free  edges  of  resonators  inside  and  a 
weight  outside.  The  inside  of  bellows  is  filled  with 
dry  nitrogen.  Silicon  oil  fills  the  space  between 
the  bellows  and  an  outer  container  to  increase  the 
damping.  Resonators  and  its  mounting  material  nave  the 
same  thermal  expansion  coefficient  in  order  to  reduce 
thermal  stress.  Each  resonator  is  driven  by  an 
oscillator  circuit  and  oscillates  at  its  own  resonant 
frequency  of  thickness-shear  n»de.  The  output  of  both 
oscillators  is  mixed  to  yield  the  beat  frequnecy,  which 
is  proportional  to  the  acceleration. 

The  accelerometer  exhibits  an  uniaxial  force 
sensitivity.  This  is  because  only  the  force  component 
perpendicular  to  the  major  surfaces  of  resonators 
streches  one  resonator  and  compresses  another  resonator. 
This  causes  opposite  shifts  in  oscillator  frequencies 
and  yields  the  beat  frequency  output.  On  the  other 
hand,  other  force  cocponents  cause  the  same  shitt  in 
oscillator  frequencies  and  hence  no  beat  output. 

Similar  cancellations  are  obtained  for  the  DC  offset 
due  to  temperature  variation  and  aging. 

The  temperature  variation  of  the  force  sensitivity 
of  two  resonators,  however,  cannot  be  cancelled  out. 
Hence  it  is  important  to  use  resonators  of  which  forre 
sensitivity  is  insensitive  to  temperature  variation. 

The  previous  study  suggests  the  use  of  either  AT-cuts 
with  the  azimuth  angle  of  40  degree  or  BT-cuts  with 
zero  azimuth  angle.  Although  AT-cuts  exhibit  a  little 
better  characteristics,  BT-cuts  are  used  in  the  follow¬ 
ing,  because  a  matched  pair  is  easily  obtained  with 
less  accurate  control  of  angles, 

A  single  coaxial  cable  is  connected  to  the 
accelerometer.  The  cable  is  used  for  both  DC  power 
supply  and  the  output  of  beat  frequency.  For  telemetry, 
the  beat  frequency  output  modulates  a  FM  transmitter  of 
around  170  MHz  as  shown  in  Fig. 12.  The  size  of  the 
whole  package  is  40*20*20  mm.  Fig. 13  shows  a  whole  view 
and  a  cut  away  view  of  a  typical  package. 

Characteristics  of  accelerometer 

Typical  characteristics  of  the  accelerometer  are 
summarized  in  Table  2.  The  maximum  frequency  can  be 
increased  by  reducing  the  weight,  which  however,  reduces 
the  force  sensitivity.  Fig. 14  shows  temperature 
variation  of  two  resonators  without  applied  force  and 
its  residual  beat  output.  Fig. 15  shows  frequency 
characteristics  of  the  accelerometer.  Fig. 16  shows 
uniaxial  directivity  of  the  accelerometer.  Fig. 17 
shows  the  fluctuation  in  acceleration  and  deceleration 
•  *f  a  motor  measured  by  telemetry. 

Conclusion 

An  accelerometer  is  developed,  which  utilizes 
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force  sensitivity  of  quartz  crystal  resonators.  Two 
identical  resonators  combined  in  a  cantilever  form,  so 
that  the  uniaxial  directivity  is  obtained.  All  the 
variations  except  the  temperature  variation  of  the 
force  sensitivity  can  be  cancelled  out.  Hence  a  serch 
was  done  for  crystal  cuts  with  zero  temperature 
dependence  of  the  force  sensitivity.  Several  useful 
cuts  are  found,  which  include  BT-cut  and  RT-cut, 
besides  of  AT-cut  previously  reported. 
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Appendix 

Azimuth  Angles  which  yield  zero  force  sensitivity 

In  the  design  of  a  high  precision  quartz  resonator, 
it  is  Interesting  to  know  azimuth  angles  yielding  zero 
force  sensitivity.  This  is  because  the  moulting  at 
these  angles  may  reduce  mechanical  disturvances  caused 
by  a  holder. 


A1  E.  Sasaki,  H.  Kojlma  and  S.  Hattorl:  Nat. 

Conv.  Inst.  Electronics  and  Elec.  Comm.  Eng. 
Japan,  No.95  (1975) 


Table  1  Comparison  of  figure  of  merit  of  doubly 
rotated  cuts  and  AT  and  BT  cuts. 
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Fig.l  shows  the  azimuth  angles  of  about  60  and  120 
degree  can  be  used  for  two  and  four  points  mounting  of 
an  AT-cut  plate. 

The  azimuth  angles  yielding  zero  force  sensitivity 
for  three  poi^js  mounting  was  experimentally  studied  by 
Saaakl  et  al.  Fig.Al  shows  the  geometry  of  three 
points  mounting.  They  found  the  angles  of  zero  force 

sensitivity  at  both  (a-75°,  1^-0“)  and  (oe36°,  i|r9 0°).  Table  2  Typical  characteristics  of  accelerometer 


These  angles  can  be  calculated  from  the  data  shown 
in  Fig. 2  and  3  and  the  following  equation: 

Kj  -  P(l+jtana)  4  Qcos(2i|i)(l-|tana) 

Fig. A2  shows  calculated  of  an  AT-cut  as  a  function 
of  azimuth  angle.  The  parameter  is  a.  It  is  seen  zero 
force  sensitivity  can  be  obtained  in  the  range  of  a 
from  0  to  39  degree,  if  i|;  is  appropriately  chosen. 
Another  combination  (a«78'35',  ij^0°)  also  yields  zero 
sensitivity. 

Temperature  dependence  of  K.  for  various 
combinations  of  angles  yielding  Zero  sensitivity  at 
30*C  is  given  in  Fig. A3.  It  is  seen  that  the  two  points 
moulting,  (o*0“ ,  ih»57”34’)  exhibits  a  minimum 
sensitivity  over  a  wide  tetg>erature  range. 


LINEARITY 

HYSTERESIS 

MAXIMUM 

FREQUENCY 

SENSITIVITY 

RESOLUTION 

TEMPERATURE 

COEFFICIENT 

OF 

SENSITIVITY 


0.2  X  of  full  scale 
0.2  X  of  full  scale 

100  Hz  for  full  scale  of  10  G 

500  Hz/G  for  full  scale  of  10  G 
2  x  10-3 

-0.01  X/*C 
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Linear  temperature  coefficient  of  Kf(0)  as 
a  function  of  the  angle  of  cut.  ‘ 


Fig.  4.  K,  vs.  temperature  for  AT  cut 
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Fig.  11.  Schematic  view  of  accelerometer 


Fig.  14.  Teeperature  variation  of  oscillating 
frequencies  of  two  resonators  and  its 
residual  beat  frequencies  output 
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USING  THE  X-Y  FLEXURE  WATCH  CRYSTAL 
AS  A  PRESSURE-FORCE  TRANSDUCER 


Alan  Genis  -  D.E.  Newell 
Northern  Illinois  University 
DeKalb,  Illinois 


Summary 

This  paper  describes  a  method  of  utilizing  a 
32.768KHz  X-Y  flexure  watch  crystal  as  a  pressure- 
force  transducer.  It  was  determined  that  the 
frequency  of  oscillation  decreases  approximately 
-  0.4Hz/psi,  (coefficient  varies  with  crystal 
design),  and  the  slope  of  the  frequency  versus 
pressure  curve  is  approximately  constant,  beyond 
an  initial  threshold. 

The  X-Y  flexure  resonator  was  enclosed  in  a 
compartment  with  one  side  being  formed  by  a  dia¬ 
phragm  composed  of  a  synthetic  rubber  impregnated 
fabric.  This  compartment  was  filled  with  nitrogen 
gas  at  atmospheric  pressure.  A  pi3ton  was 
positioned  on  the  external  side  of  the  diaphragm 
and  as  a  force  was  applied  to  the  piston,  the 
volume  of  the  crystal  enclosure  would  decrease. 

This  decrease  in  volume  would  increase  the  nitrogen 
pressure  in  the  crystal  compartment  increasing  the 
viscous  damping  of  the  resonator  and  thus  decreasing 
the  crystal  frequency. 

The  crystal  was  placed  in  an  oscillator  circuit, 
generating  a  frequency  that  was  a  function  of  the 
force  applied  to  the  piston.  Electronic  circuitry 
was  generated  that  would  convert  this  frequency 
shift  to  a  digital  indicator,  indicating  the  force 
in  lbs.  Self  compensating  circuitry  was  developed 
to  eliminate  any  temperature  or  aging  effects  which 
would  cause  a  frequency  shift  other  than  the  shift 
caused  by  viscous  damping.  TWo  models  of  the 
transducer  have  been  generated. 

The  design  considerations  and  test  results 
obtained  from  the  two  models  will  be  discussed. 

Introduction 

Various  reports  have  been  published  and  devices 
generated  in  the  past  fifty  years  that  utilize  a 
piezoelectric  material  for  the  detection  of 
transient  forces  or  pressure  measurement.  The 
original  suggestion  that  pressute  could  be  recorded 
as  a  function  of  time  using  piezoelectric  crystals 
has  been  credited  to  J.J.  Thompson. 

Most  of  the  literature  describes  devices  that 
utilize  the  piezoelectric  material  in  the  static 
sense,  that  is,  the  crystal  experiences  some  form  of 
mechanical  pressure  or  deformation  resulting  in  a 
charge  displacement  and  Induced  voltage  that  is 
amplified  and  processed  to  give  the  magnitude  of  the 
literature  published  about  static  transducers,  there 
are  relatively  few  articles  that  describe  the  use 
of  piezoelectric  crystals  in  an  oscillatory  sense 
for  the  use  as  force  transducers.  Of  this  small 


number  of  articles,  most  describe  devices  that 
experience  a  physical  deformation  of  the  crystal 
caused  by  differential  air  loading  or  mechanical 
forces  applied  to  the  crystal  to  force  the  crystal 
to  deviate  from  its  resonant  frequency. 

Brown  and  Harris*  described  a  method  of 
determining  the  pressure  coefficient  of  a  BT  cut 
quartz  crystal,  and  noticed  that  this  frequency 
shift  was  linear  with  changing  pressure  with  a 
coefficient  of  . 408ppm/lbs/in*. 

2 

In  1951  Roberts  and  Goldsmith  described  two 
methods  of  pressure  measurement  utilizing  an  oscil¬ 
latory  type  of  quartz  crystal.  The  first  method 
explains  the  effects  of  air  loading  on  the  Q  of  the 
crystal.  It  is  noticed  in  this  study  that  for  a 
crystal  vibrating  in  extension  or  flexure,  the  Q 
change  is  inversely  proportional  to  air  pressure  and 
for  elements  operating  in  thfe  shear  mode  the  change 
in  Q  is  inversely  proportional  to  the  square  root 
of  the  pressure. 

In  this  experiment  the  crystal  experienced 
pulses  of  fixed  amplitude  under  conditions  of  vary¬ 
ing  environmental  pressures  and  the  ratio  of  the 
decay  times  used  as  the  means  of  determining  the 
pressure.  The  second  approach  described  a  method 
using  differential  air  loading  on  the  quartz  crystal. 
With  thickness  to  length  ratios  of  80  for  AT  cut 
quartz  crystals,  frequency  changes  of  1400  ppm/atmos¬ 
phere  were  achieved.  For  an  oscillator  which  has  a 
stability  of  lppm,  an  accuracy  of  .7  millibar  can  be 
achieved  for  a  pressure  shift  of  one  atmosphere. 

3 

Facey  generated  a  piezoelectric  manometer  using 
a  200KHz  DT  cut  quartz  crystal  operating  in  the  face 
shear  mode.  The  crystal  was  placed  in  a  Pierce 
oscillator  and  measurement  of  the  anode  current  was 
seen  to  be  proportional  to  the  pressure. 

It  is  the  purpose  of  this  report  to  describe  the 
effect  of  viscous  damping  on  the  resonant  frequency 
exhibited  by  the  X-Y  flexure  watch  crystals  and  to 
utilize  this  effect  as  a  force  transducer. 

Experimental  Procedure 

The  crystal  used  is  a  Type  TX-3  X-Y  flexure 
manufactured  by  the  C.T.S.  blights  Company.  In 
order  to  allow  the  crystal  to  experience  varying 
environmental  pressures,  a  small  portion  of  the 
crystal  can  was  removed.  The  crystal  was  placed  in 
a  pressure  chaster  and  connected  to  an  oscillator, 
that  was  external  to  the  chamber,  via  vacuum  feed¬ 
throughs.  The  pressure  was  varied  within  the  chamber 
from  one  atmosphere  to  50  p.s.l.,  while  a  period 
count  was  taken  on  a  Model  5245L  Hewlett  Packard 


71 


4 


frequency  counter.  A  thermocouple  was  placed  within 
the  chamber  to  monitor  temperature  to  assure  that 
the  readings  were  taken  at  a  constant  temperature  to 
eliminate  unwanted  temperature  effects.  The  data 
obtained  is  tabulated  In  Table  1  and  a  plot  of  fre¬ 
quency  vs.  pressure  Is  shown  in  Fig.  A. 

From  the  data  obtained,  it  is  seen  that  for  the 
X-Y  flexure  experiencing  the  change  in  pressure,  the 
frequency  change  has  an  average  value  of  .424  Hz 
per  F.S.I.  and  this  appears  to  be  linear  as  seen 
from  the  graph  of  Fig.  A.  It  was  because  of  this 
linearity  and  the  magnitude  of  the  coefficient  that 
suggested  a  device  could  be  designed  to  utilize  the 
effect. 

The  first  problem  was  to  develop  a  transducer 
that  would  translate  a  physical  force  to  a  varying 
environmental  pressure  on  the  crystal.  The  first 
transducer  developed  is  shown  in  Fig.  B.  It  con¬ 
sisted  of  an  aluminum  housing  with  a  brass  piston 
acting  on  a  rubber  diaphragm.  A  teflon  sleeve  was 
Inserted  between  the  aluminum  and  brass  to  reduce 
the  friction.  The  second  transducer  developed  is 
shown  in  Fig.  C.  This  transducer  comprised  a 
Beryllium  Copper  convolute  of  a  vacuum  bellowB 
sealed  to  copper  clad  G10  board.  One  side  of  the 
transducer  was  notched  and  the  crystal  epoxled  in 
place.  The  transducer  was  then  backfilled  with  dry 
nitrogen  to  a  pressure  of  one  atmosphere.  Other 
transducers  were  generated  using  the  bellows  arrange¬ 
ments.  Some  consisted  of  multiple  bellows  connected 
by  small  tubing  to  minimize  dead  air  space  and  max¬ 
imize  working  area  of  the  transducer.  Another  model 
was  generated  that  consisted  of  a  small  air  space 
bounded  by  a  flexible  rubber  membrane  and  the  bellows 
was  filled  with  liquids  to  maximize  the  working 
volume  of  the  transducer.  See  Fig.  D. 

All  of  these  transducers  proved  unsatisfactory 
for  the  application  needed,  since  they  exhibited 
second  order  effects  possibly  due  to  the  spring 
constants  of  the  bellows  and  rubber  diaphragm.  The 
transducer  used  in  the  device  was  manufactured  by 
Bellofram  Corp.  This  transducer  consisted  of  a 
rolling  sock  arrangement  on  a  piston  within  a  housing. 
See  Fig.  E.  The  advantage  to  the  transducer  is  that 
it  maintains  a  constant  area  regardless  of  the  dis¬ 
placement  of  the  piston.  It  exhibited  no  restoring 
forces,  except  those  produced  by  the  comparison  of 
the  nitrogen  within  the  transducer.  The  bellofram 
requires  little  force  to  overcome  its  own  friction. 

The  quartz  crystal  was  mounted  in  a  holder  and 
mounted  in  the  transducer.  The  transducer  was 
mounted  in  a  test  stand  and  SO  gram  weights  were 
placed  on  the  transducer.  Period  counts  were  r 
each  weight  added.  Thus  the  coefficient  of  th 
transducer  was  determined. 
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F  •  force  applied  to  the  transducer 

A  •  cross-sectional  area  of  the  trans¬ 

ducer 


k  ■  pressure  coefficient  of  crystal 

f  ■  resonant  frequency 
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The  fQSC  la  then  phase  locked  to  a  voltage  controlled 

crystal  oscillator  with  a  divider  between  the  VCO 
and  the  phase  detector,  so  that  when  a  lock  is 
achieved  the  VCO  will  be  operating  at  128  *  f0. 

The  VCO  frequency  is  then  mixed  With  the  offset 
oscillator  and  the  difference  frequency  is  generated. 
Since  the  coefficient  of  the  transducer  is  not  unity, 
a  gate  time  had  to  be  generated  that  would  convert 
the  beat  frequency  of  the  offset  oscillator  and  the 
multiplied  sensor  frequency  to  a  number  that  would 
be  displayed  as  the  proper  magnitude  in  the  units 
chosen.  It  was  desirable  that  the  gated  beat  fre¬ 
quency  be  lOKHz.  Then  if  the  most  significant  bit 
was  disregarded,  as  the  sensor  frequency  decreased 
with  an  Increase  of  pressure  on  ihe  transducer,  the 
beat  frequency  would  increase  and  be  gated  to  display 
the  proper  magnitude.  To  determine  the  proper  gate 
time  the  following  equation  was  used. 


^  fcoff  '  "  (f°  '  k)J  *  10 *000 

Once  the  gating  time  was  known,  the  offset  oscillator 
frequency  can  be  calculated  by 

£foff  "  m  foscJ  ‘on  -  10,000 


foff  -  10  x  103 

+  m  f 

t  osc 

on 

The  gating  signal  was  supplied  by  a  crystal 
oscillator  with  a  frequency  of  2.654373  MHz  and 
divided  by  j20  to  generate  the  needed  gating  pulse. 
The  device  generated  is  shown  in  Fig.  G,  Its 
operating  range  was  from  zero  to  200  pounds  with  an 
accuracy  of  .1  pound.  This  model  required  external 
power,  a  long  warm-up  period  and  experienced  drift 
to  the  fact  that  the  enclosure  acted  as  an  oven  which 
caused  the  crystal  frequencies  to  drift  and  thus 
required  constant  tuning  of  the  offset  oscillator. 

To  solve  some  of  the  problems  associated  with  the 
first  unit,  a  second  unit  was  generated.  A  block 
diagram  is  shown  in  Fig.  H. 


Once  the  coefficient  of  the  transducer  had  been 
determined,  circuitry  had  to  be  developed  to  utilize 
the  coefficient.  The  crystal  oscillator  consisted 
of  a  RCA  4007  CMOS  inverter  biased  linearly.  The 
coe.flclent  was  multiplied  by  means  of  a  phase  locked 
loop.  Fig.  f  is  a  block  diagram  of  the  frequency 
•ulttpller  circuitry,  offset  oscillator,  timing 
*  lUetor,  gating  and  readouts. 

The  nominal  frequency  of  the  sensor  oscillator 
.  i.  A SUI i  The  sensor  oscillator  will  experience 

•  ■>  ■  •  n  reaonant  frequency  due  to  the  viscous 
mmm  a  *he«i  a  force  la  applied  to  the  transducer. 

.  v  ,1  the  oSC  1  llator  will  be 


A  new  more  compact  Bellofram  was  used  and  the 
coefficient  was  determined  in  the  same  manner  as  the 
first  model.  The  data  is  shown  in  Table  2.  Because 
of  the  drift,  some  method  had  to  be  devised  to 
compensate  for  the  errors.  An  automatic  zero  loop 
was  Included  in  the  circuit.  The  loop  consisted  of 
a  second  set  of  registers  which  received  that  data 
from  the  mixer.  These  registers  feed  the  data  into 
comparators  which  were  hard  wired  to  binary  10000. 
Whenever  the  difference  frequency  was  not  equal  to 
10000Hz  coming  out  of  the  gate,  the  comparators 
responded  with  logic  levels  that  corresponded  to  the 
frequency  being  "less  than”  or  "greater  than"  10  KHz. 
These  steering  outputs  were  directed  thru  an  inter- 
face  to  the  charge  pump.  The  charge  pump  controlled 
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Table  1 


the  voltage  on  the  varactor  in  the  VCXO  which  was 
used  as  the  offset  oscillator  shown  in  figure  K. 

Thus  when  the  loop  was  closed  the  comparators 
always  maintained  the  offset  oscillator  at  a 
frequency  that  was  10  KHz  greater  than  the  fre¬ 
quency  of  the  multiplied  sensor  oscillator.  Since 
the  comparators  would  always  read  "greater  than” 
when  a  force  was  applied  to  the  sensor  or  "less 
than"  when  the  registers  were  dumped,  gating  was 
utilized  to  open  the  loop  under  these  conditions, 
as  shown  in  figure  J. 

CMOS  integrated  circuits  were  used  wherever 
possible  to  minimize  power  consumption.  The 
completed  unit  is  shown  in  figure  L.  The  second 
model  was  hand  held,  capable  of  operating  for  eight 
hours  off  of  its  batteries,  or  off  of  an  external 
power  supply  for  extended  periods.  The  device  has 
an  operating  range  of  0  to  200  pounds  and  maintains 
an  accuracy  of  .1  pound  over  that  range.  The 
accuracy  seems  limited  by  the  short  term  stability 
of  the  crystals  used  in  the  system,  and  some 
improvement  could  be  achieved  by  making  the  time 
base  oscillator  a  TCXO,  thus  minimizing  any 
variation  in  the  gating  time.  Possible  applications 
for  this  type  of  sensor  include  barometers ,  depth 
gages,  vacuum  gages  and  a  digital  bathroom  scales. 


PRESSURE  VS.  FREQUENCY 


Pressure 

(psi) 

Period 

0«sec) 

Frequency 

KHZ 

AP 

6  F 

AF 

A  P 

2.5 

5.0 

30.511697 

30.513184 

32774.31603 

32773.79292 

2.5 

.52311 

.2092 

7.5 

30.512962 

32772.95728 

2.5 

.83564 

.3342 

10 

30.513841 

32772.01320 

2.5 

.94408 

.3776 

12 

30.514342 

32771.47513 

2.0 

.53807 

.2690 

14 

30.516131 

32770.62779 

2.0 

.84734 

.4236 

16 

30.515670 

32770.04895 

2.0 

.57884 

.2894 

18 

30.616672 

32768.97297 

2.0 

1.07548 

.5377 

20 

30.517467 

32768.11932 

2.0 

.85365 

.4268 

22 

30.518248 

32767.28074 

2.0 

.83858 

-4192 

24 

30.518981 

32766.49374 

2.0 

. 78700 

.3935 

26 

30.519783 

32765.63270 

2.0 

.86104 

.4305 

28 

30.520500 

32764.86296 

2.0 

.76974 

.3848 

30 

30.521549 

32763.73686 

2.0 

1.12610 

.5630 

32 

30.522334 

32762.89421 

2.0 

.84265 

.4213 

34 

30.523220 

32761.94320 

2.0 

.95101 

.4/55 

36 

30.524163 

32760.93107 

2.0 

1.01213 

.5060 

38 

30.525114 

32759.91041 

2.0 

1.02066 

.5103 

40 

30.526459 

32758.46701 

2.0 

1.44340 

.7217 

42 

30.526992 

32757.89505 

2.0 

.57196 

.2859 

44 

30.527970 

32756.84561 

2.0 

1 .04944 

.5247 

46 

30.528805 

32755.94967 

2.0 

.89594 

.4479 

48 

30.532014 

32755.16026 

2.0 

.78941 

.3947 
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FIGURE  G 


FIGURE  H 


TABLE  2 


FORCE 

PERIOD 

AP 

(grams) 

(>rsec) 

ftsec) 

0 

30.50817 

50 

30.50819 

.00002 

TOO 

30.50822 

.00003 

150 

30.50824 

.00002 

200 

30.50828 

.00004 

250 

30.50831 

.00003 

300 

30.50834 

.00003 

350 

30.50838 

.00004 

400 

30.50841 

.00003 

450 

30.50845 

.00004 

500 

30.50849 

.00004 

550 

30.50853 

.00004 

600 

30.50856 

.00003 

650 

30.50859 

.00003 

700 

30.50863 

.00004 

750 

30.50867 

.00004 

800 

30.50871 

.00004 

850 

30.50875 

.00004 

?00 

30.50878 

.00003 

950 

30.50882 

.00004 

1000 

30.50884 

.00002 

1050 

30.50887 

.00003 

1100 

30.50891 

.00004 

1150 

30.50894 

.00003 

1200 

30.50899 

.00005 

1250 

30.50903 

.00004 

1300 

30.50907 

.00004 

1350 

30.50910 

.00003 

lion 

30.50914 

.00004 

1450 

30.50917 

.00003 

1500 

30.50921 

.00004 

1550 

30.50924 

.00003 

1600 

30.50928 

.00004 

1650 

30.50932 

.00004 

1700 

30.50936 

.00004 

1750 

30.50939 

.00003 

1800 

30,50943 

.00004 

1850 

30.50947 

.00004 

1900 

30.50951 

.00004 

1950 

30.50954 

.00003 

2000 

30.50958 

.00004 

n 


TABLE  2  (cont) 


TABLE  2  (cont) 


FORCE 

PERIOD 

AP 

(grams) 

fa  sec) 

Usee) 

2050 

30.50962 

.00004 

2100 

30.50966 

.00004 

2150 

30.50970 

.00004 

2200 

30.50974 

.00004 

2250 

30.50978 

.00004 

2300 

30.50982 

.00004 

2350 

30 . 50986 

.00004 

2400 

30.50990 

.00004 

2450 

30.50993 

.00003 

2500 

30.50996 

.00003 

2550 

30.51001 

.00005 

2600 

30.51005 

.00004 

2650 

30.51009 

.00004 

2700 

30.51014 

.00005 

2750 

30.51018 

.00004 

2800 

30.51019 

.00001 

2850 

30.51023 

.00004 

2900 

30.51026 

.00003 

2950 

30.51030 

.00004 

3000 

30.51034 

.00004 

3050 

30.51037 

.00003 

3100 

30.51040 

.00003 

3150 

30.51045 

.00005 

3200 

30.51049 

.00004 

3250 

30.51053 

.00004 

3300 

30.51057 

.00004 

3350 

30.51060 

.00003 

3400 

30.51063 

.00003 

3450 

30.51067 

.00004 

3500 

30.51070 

.00003 

3550 

30.51074 

.00004 

3600 

30.51077 

.00003 

3650 

30.51082 

.00005 

3700 

30.51085 

.00003 

3750 

30.51089 

.00004 

3800 

30.51092 

.00003 

3850 

30.51096 

.00004 

3900 

30.51099 

.00003 

3950 

30.51103 

.00004 

4000 

30.51108 

.00005 

4050 

30.51112 

.00004 

4100 

30.51117 

.00005 

4150 

30.51120 

.00003 

4200 

30.51124 

.00004 

OFFSET  VCIO 
FIGURE  K 


FORCE 

PERIOD 

A  P 

(grams) 

fasec) 

fasec) 

4250 

30.61128 

.00004 

4300 

30.51131 

.00003 

4  350 

30.51134 

.00003 

4400 

30.51137 

. 00004 

4450 

30.51142 

.00005 

4500 

30.51147 

.00005 

4550 

30.51150 

.00003 

4600 

30.51154 

.00004 

4650 

30.51157 

.00003 

4700 

30.51161 

. 00004 

4750 

30.51165 

.00004 

4800 

30.51170 

.00005 

4850 

30.51173 

.00003 

4900 

30.51176 

.00003 

4950 

30.51180 

.00004 

5000 

30.51184 

.00004 

5050 

30.51189 

.00005 

5100 

30.51193 

. 00004 

5150 

30.51195 

.00002 

5200 

30.51199 

.00004 

5250 

30.51203 

. 00004 

5300 

30.51207 

.00004 

5350 

30.51210 

.00003 

5400 

30.51214 

.00004 

5450 

30.51218 

.00004 

5500 

30.51222 

.00004 

5550 

30.51226 

.00004 

5600 

30.51229 

.00003 

5650 

30.51233 

.00004 

5700 

30.51237 

.00004 

5750 

30.5)240 

.00003 

5800 

30.51245 

.00005 

5850 

30.51249 

.00004 

5900 

30.51252 

.00003 

5950 

30.51256 

. 00004 

6000 

30.51260 

.00004 

LOGIC  INTERFACE  AND  CHARGE  PU*> 
FIGURE  J 
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METHODS  FOR  PRODXTION  SCREENING  FOR  ANOMALOUS  RESPONSES  IN  QUARTZ  CRYSTALS 
INTENDED  FOR  HIGH  RELIABILITY  APPLICATIONS 

Patrick  F.  Godwin,  Jr.  and  George  L.  Snider, 

TRW  Defense  and  Space  Systems  Group 
Redondo  Beach,  California 


Introduction 

Many  prime  contractors  and  subcontractors  have 
become  aware  of  anomalous  performance  in  crystal  oscil¬ 
lators  and  crystal  filters  in  the  past  three  years. 
Frequently  these  anomalies  have  gone  undetected  in 
flight  hardware  in  tests  up  to  system  integration  and 
launch  vehicle/payload  levels  of  testing.  The  most 
frequent  symptoms  encountered  in  crystal  filters  are 
phase  and  amplitude  discontinuities  (e.g.,  signal  drop¬ 
out)  over  a  limited  temperature  range.  In  crystal 
oscillators,  the  most  pronounced  effect  is  a  frequency 
jump  which  can  vary  from  as  small  as  one  part  per  100 
million  (1E8)  to  20  parts  per  million  (PPM)  occurring 
over  a  limited  temperature  range. 

Anomalies  appear  to  be  a  random  occurrence  in 
crystal  production  seemingly  Independent  of  supplier 
and  may  occur  in  10  to  30  percent  of  production  crys¬ 
tals.  Anomalies  are  observed  in  temperature  ranges  as 
narrow  as  0.1°C  and  as  wide  as  20°C  (see  Figures  1,  2, 
and  3  for  examples  from  three  crystal  suppliers).  The 
point  in  temperature  where  anomalies  are  encountered 
tends  to  be  random  within  any  given  crystal  design 
(although  systematic  anomalies  have  been  observed  in 
some  Instances).  Anomalies  can  be  induced  by  poor 
design  of  oscillator  or  filter  circuits  or  by  poor 
definition  of  crystal  requirements  (e.g.,  too  high  a 
crystal  drive  level  or  operation  at  a  drive  level  not 
specified  to  the  supplier).  Pseudo  anomalies  can  also 
be  Introduced  by  thermal  transients  which  result  from 
conditions  that  are  unreal  for  the  proposed  crystal 
hardware  application.  Pseudo  anomalies  result  from 
test  fixture  temperature  slew  rates  which  are  far  in 
excess  of  temperature  slew  rates  expected  In  an  opera¬ 
tional  enviroiment.  Current  supplier  test  methods 
permit  a  significant  nunber  of  crystals  with  anomalies 
to  escape  detection. 

The  objectives  of  this  paper  are  to  make  the 
general  high  reliability  part  user  aware  of  the  problem 
and  to  define  test  requirements  and  test  methods  which 
can  be  used  to  provide  an  effective  screening  of  pro¬ 
duction  crystals  to  preclude  the  acceptance  of  units 
subject  to  discontinuous  responses  into  hardware. 


Test  Requirements 

The  requirements  of  a  crystal  test  method  adequate 
to  assure  detection  of  anomalies  Include  provision  for: 

1.  Operation  of  the  crystal  at  the  energy  level 
(drive  level)  required  by  circuit  application. 

2.  Identification  and  separation  of  resonant  fre¬ 
quency  shifts  due  to  apparent  crystal  mass  changes  as 
opposed  to  frequency  changes  in  test  circuits  Induced 
by  activity  changes. 

3.  Identification  of  resistance  (activity) 
changes.  (The  effect  of  resistance  change  is  a  func¬ 
tion  of  paraneter  sensitivity  of  application  circuit.) 

4.  Identification  of  temperature  dependence  with  a 
resolution  of  0.05°C  over  any  required  test  temperature 

range. 


5.  Identification  of  temperature  slew  rate  effects 
to  isolate  steady  anomalies  from  pseudo  (transient) 
Induced  effects. 

Test  Hethods 

The  test  requirements  stated  above  can  be  met  by 
treating  the  crystal  under  test  as  a  reference  in  a 
phase  lock  loop.  Phase  lock  loop  parameters  can  be 
chosen  such  that  crystal  operation  may  be  maintained  at 
resonance  relatively  independent  of  crystal  resistance 
and  operating  drive  level.  This  permits  Isolation  of 
the  effects  of  each  parameter  in  diagnostic  activity 
and  production  screening  under  conditions  compatible 
with  the  intended  application. 

Three  measurement  implementations  are  described  in 
sufficient  detail  to  permit  each  implementation  to  be 
emulated  according  to  the  needs  of  potential  users. 
The  three  basic  implementations  are: 


1.  Combination  of  standard  laboratory  RF  test 
equipment  including  synthesizers,  vector  voltmeters, 
double  balanced  mixers,  amplifiers,  counters,  etc. 

2.  Customized  test  system  using  off-the-shelf  ECL, 
TTL,  and  linear  integrated  circuits  with  optional  ana¬ 
log  X/Y  plotter  readout  or  microprocessor-compatible 
8-bit  latched  digital  outputs.  This  approach  can  be 
economically  realized  as  a  multichannel  system. 

3.  Computer  controlled  multichannel  system 
utilizing  standard  bus  programmable  RF  test 
instrumentation. 

The  theory  of  the  proposed  test  method  will  be 
explained  through  a  detailed  presentation  of  the 
customized  test  system  Implementation. 

Figure  4  is  a  general  block  diagram  of  a  phase 
lock  loop  which  is  based  on  the  use  of  a  crystal  as  a 
“zero"  phase  reference  at  the  desired  operating 
frequency.  The  basic  loop  consists  of  a  voltage- 
controlled  oscillator,  phase  detector,  and  feedback 
amplifier.  A  double  balanced  mixer  is  used  in  con¬ 
junction  with  a  90  degree  “lossy"  delay  line  to  act  as 
a  linear  phase  detector.  The  crystal  under  test  acts 
like  a  series  bandpass  filter  in  a  test  circuit  con¬ 
figuration  generally  referred  to  as  a  ^"circuit  con¬ 
figuration.  The  dynamics  of  the  control  loop  formed 
results  In  frequency  lockup  at  the  zero  phase  frequency 
of  the  crystal . 

Phase  change  of  the  lossy  delay  can  be  on  the 
order  of  1  degree  per  megacycle  at  85  megacycles. 
Phase  change  of  the  crystal  will  be  on  the  order  of  50 
degrees  for  a  frequency  change  of  10  parts  per  million 
at  85  megacycles.  On  a  relative  scale  the  lossy  delay 
line  behaves  as  a  constant  90  degree  reference.  These 
relationships  are  demonstrated  for  typical  values  in 
Figures  5a,  5b,  and  6. 

From  Figure  6  the  transfer  characteristic  of  the 

(zero  phase  reference  of  Figure  7)  can  be  approx¬ 
imated  from  the  computed  phase  versus  frequency 
response  shown. 
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A  rough  prediction  of  phase  detector  sensitivity 
may  be  made  by  multiplying  L  and  R  inputs  to  the 
balanced  mixer  (see  Figure  7)  (assuming  inputs  in 
phase)  and  dividing  by  90  degrees  (»/2  radians).  This 
ignores  mixer  losses  and  assumes  square  wave  inputs. 
Emitter-coupled  logic  swings  based  on  the  loads  shown 
in  the  circuit  configuration  of  Figure  7  vary  from  0.4 
volts  peak-to-peak  to  0.7  volts  peak-to-peak  as  a 
function  of  test  frequency.  These  logic  swings  follow 
the  zero  crossings  of  the  *  output  signal  and  phase 
reference  input  signal.  The  phase  detector  sensitivity 
becomes: 
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The  amplifier  shown  in  Figure  7  as  a  let’el 
translator  and  integrator  has  a  transfer  function 
response  of  100/1[1  +  jw(Cl)].  Note  that  this  stage 
provides  a  dc  gain  of  100  and  a  single  pole  filter 
(integration)  response  in  the  feedback  loop.  If  the 
amplifier  response  is  lumped  with  the  detector 
response,  the  overall  detector  response  becomes: 


K’d  =  100 
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at  loop  phase  error  frequencies  near  dc. 

The  range  of  the  voltage-controlled  oscillator 
requires  restriction  by  broad  range  tuning  and  bias 
adjustment  to  preclude  lockup  during  test  at  undesired 
crystal  resonance  frequencies.  Crystals  can  be  induced 
to  oscillate  at  any  of  their  resonant  modes  in  a 
predictable  manner  where  this  is  deemed  desirable  for 
investigative  purposes.  These  conditions  are 
predictable  and  are  under  simple  manual  or  automatic 
control  by  the  operator.  For  the  normal  case  (i.e., 
test  of  crystal  at  its  desired  operating  mode),  the 
upper  frequency  limit  of  the  voltage  controlled 
oscillator  is  simply  controlled  to  a  value  of  frequency 
below  that  of  the  first  spur  (undesired  response)  above 
the  main  mode.  Note  that  oscillator  output  amplitude 
is  unaffected  by  frequency  change  Induced  by  voltage 
input  to  the  tuning  section  of  the  VCO  (over  a  range  of 
Interest  in  the  test  of  any  given  crystal  which  is 
typically  much  less  than  100  parts  per  million). 

The  transfer  function  characteristic  of  the 
voltage-controlled  oscillator  (VCO)  is  simply  estimated 
as  follows  from  the  tank  circuit  parameters  illustrated 
in  Figure  7  and  the  typical  varactor  diode  pair 
capacitance  versus  voltage  characteri  Stic  shown  in 
Figure  8. 
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If  Cq  is  biased  at  10  volts,  CD  «  6.0  pF  from 
Figure  8.  With  the  feedback  loop  open  (i.e..  Switch  #1 
in  Figure  7  shorted)  and  the  varactor  biased  at  10 
volts,  the  VCO  output  frequency  is  approximately 
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F  •»  79.57  MHz  at  10  volts  bias 


and 
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Note  that  a  1  pF  change  results  in  a  delta  frequency  of 
85  x  10°  -  79.57  x  10°  «  6.03  mhz  or  an  average  scale 
factor  of  6.03  megahertz  per  pf.  From  figure  8  the 
capacitance  change  from  a  bias  voltage  of  10  volts  to 
15  volts  (saturation  of  the  operational  amplifier) 
results  in  a  capacitance  change  of  1  pf  or  a  scale 
factor  of  1  pf/5  volts  =*  0.2  pf/volt.  The  total 
transfer  function  "K  “  of  the  VCQ  for  the  circuit 
values  chosen  becomes: 


v  -  LeE  ,  6.03  MHz  .  1.206  MHz 
o  ~  5  v  1  pF  vol  t 


7.577  x  106  radians/sec 
1  volt 


The  control  loop  dynamics  for  the  phase  lock  loop 
shown  in  Figures  4  and  7  may  be  suimarized  in  the  open 
loop  incremental  model  shown  in  Figure  9.  From  Figure  9 
the  total  open  loop  gain  at  error  fiequencies  near  dc 
is 


20  1o9lo[K’d  x  PTfrTTT  x  Ko  x  !?]  *  91  dB  (7) 


The  loop  has  a  simple  1  pole  response  with  a  3-dB 
frequency  of  0.159  hertz. 

It  is  useful  at  this  point  to  summarize  the 
conditions  for  operation  of  the  crystal  under  test 
through  the  example  of  85  megahertz  crystal  parameters 
illustrated.  A  typical  test  procedure  would  involve 
selection  of  LI,  Cl  and  tuning  of  the  VCO  (with  the 
feedback  loop  open,  i.e.,  switch  1  shorted  to  ground) 
with  the  output  bias  of  the  amplifier  (input  to 
varactor)  set  to  +10  volts  dc.  The  VCO  output 
frequency  under  these  conditions  would  be  set  to  about 
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79  megahertz.  An  “a  priori"  test  ( swept  response  of 
the  crystal)  would  indicate  crystal  spurs  (inharmonic 
responses)  in  the  neighborhood  of  less  than  0.5  percent 
above  the  main  mode  (e.g.,  100  kHz  to  300  kHz  above  the 
main  mode).  The  fixed  bias  can  be  driven  to  +15  volts 
from  this  tuning  point  to  verify  that  the  highest 
frequency  of  the  VCO  will  be  less  than  the  frequency 
corresponding  to  the  first  spur.  With  the  varactor 
bias  set  to  +10  volts,  open  the  shorting  switch  and  the 
loop  will  lock  up  on  the  main  mode  response  of  the 
crystal.  The  loop  is  unconditionally  stable  over  a 
wide  range  of  operating  conditions.  Crystal  drive 
level  may  be  simply  computed  from  the  input  voltage  to 
the  ir  recognizing  that  the  crystal  is  held  at  series 
resonance.  The  writers  chose  to  use  a  separate  hybrid 
wide  band  amplifier  and  power  splitter  to  allow  for  a 
wide  range  of  adjustment  of  crystal  drive  levels.  Con¬ 
siderable  latitude  in  location  of  the  ir  (crystal  under 
test)  is  allowed  with  this  additional  buffering.  In 
addition,  the  values  of  circuit  x  resistors  may  be 
varied  to  set  desired  drive  level.  Again,  the  reader 
is  reminded  that  the  objective  is  to  test  for 
discontinuity  as  opposed  to  absolute  value  measurement 
and  concern  for  absolute  value  correlation  of  data. 
The  VCO  shown  has  a  built-in  amplifier  option  which  may 
be  useful  to  the  user  with  a  limited  screening 
requirement  (this  is  a  tuned  amplifier  stage). 

What  does  the  reader  do  if  other  resistor  values 
are  chosen  for  the  ir  or  if  some  idea  of  correlation  in 
measurement  is  desired?  The  writers  in  this  paper  have 
included  an  SR-52  program  which  accepts  any  combination 
of  ir  component  values  and  predicts  gain  response, 
phase  response,  and  crystal  drive  level  in  Table  I. 
The  ir  resistor  network  was  scaled  to  provide  a  minimum 
input  signal  of  5  mV  peak  (3.5  mV  rms)  to  the  input  of 
the  squaring  ampl  i  f  ier/comparator  which  forms  an 
integral  part  of  the  phase  detector.  For  a  200  ohm 
crystal  and  the  ir  values  shown,  a  minimum  input  to  the 
should  be  163  mV  rms. 

Initial  allgrment  is  simply  accomplished  upon  com¬ 
pletion  of  circuit  fabrication  by  removing  the  capaci¬ 
tors  in  the  lossy  delay  line  and  adjusting  coax  line 
lengths  to  peak  output  of  the  detector.  This  al  igraient 
should  hold  for  any  test  frequency.  The  lossy  delay 
line  is  simply  calibrated  by  adjusting  the  capacitors 
to  yield  mlnlmun  detector  output  with  the  feerdback 
loop  open.  An  SR-52  program  is  included  in  Table  II 
which  can  be  used  to  compute  lossy  delay  unit  select- 
in-test  capacitor  valuer  which  will  yield  90°  phase 
shift  at  the  test  frequency.  (For  equal  value  select- 
in-  test  capacitor  values  and  resistors  as  shown  this 
becomes  a  one  line  computation  as  shown  in  Figure  5a.) 

The  preceding  presentation  defines  a  circuit  which 
establishes  the  crystal  under  test  at  a  desired  mode  of 
operation  (main  mode  or  spur)  In  an  unconditionally 
stable  phase  lock  loop.  The  frequency  output  of  the 
voltage  controlled  oscillator  Is  dominated  (or 
controlled)  by  the  series  resonance  frequency  property 
of  the  crystal  under  test.  Crystal  frequency  can  be 
simply  monitored  by  use  of  a  linear  counter  type, 
discriminator  illustrated  in  Figures  4  and  10.  Crystal 
resistance  can  be  monitored  by  detecting  output  voltage 
from  the  *  circuit  shown  in  Figure  7  through  a  coherent 
detector  described  In  Figure  11.  Note  that  with  the 
loop  in  phase  lock  the  steady  state  RF  voltage  output 
of  the  *  Is  determined  by  the  voltage  divider  formed  by 
the  fixed  resistors  shown  and  the  crystal  replaced  by 
its  equivalent  series  resistance.  This  *  output  Is 
coherently  detected  by  the  circuit  shown  In  Figure  11 
In  the  following  manner:  (1)  The  zero  crossings  of  the 
e  output  are  detected  and  amplified  by  one-half  of  the 
dual  687  ECl  comparator  and  one- fourth  of  the  1692  ECL 
line  receiver  and  fed  as  a  constant  amplitude  input  to 


the  “L“  input  of  the  double  balanced  mixer.  The 
propagation  delay  specified  for  the  687  and  1692  Is  on 
the  order  of  (6  to  8)  nanoseconds.  The  propagation 
delay  from  687/MC1692  resulting  in  a  phase  lag  appears 
as  a  phase  lead  at  Pin  #7  (steady  state  due  to 
Inverting  in  the  amplifier).  (2)  The  output  of  the  * 
is  coupled  through  a  50  ohm  cable  of  sufficient  length 
to  match  this  delay  (approximately  10  inches  of  RG 
316).  The  cable  is  simply  tuned  to  match  the  ECL  part 
delays  by  peaking  the  dc  output  of  the  double  balanced 
mixer  at  the  "I"  output.  This  adjustment,  when 
completed  in  initial  fixture  alignment,  remains 
frequency  independent.  The  amplifier  shown  in  Figure 
11  provides  for  scale  factor  and  voltage  offset  ad¬ 
justment.  Voltage  output  polarity  may  be  reversed  by 
interchanging  pin  2  and  pin  3  of  the  0P-07  amplifier  in 
Figure  11.  The  voltage  offset  adjustment  may  be  used 
to  null  the  detector  output  at  some  minimal  value  of 
crystal  resistance  in  order  to  improve  detector 
sensitivity  to  crystal  resistance  changes  (allows 
display  by  user  with  higher  detector  gain  without  "off" 
scale  performance  of  recorder). 

Figures  12  and  13  illustrate  a  temperature 
monitor  circuit  which  has  been  found  to  track  within  a 
1  degree  seals  factor  error  at  -55°C  and  +100°C 
temperature  extremes.  A  slightly  more  simple  circuit 
using  a  National  Semiconductor  LX5700  integrated 
circuit  temperature  sensor  in  a  TO-46  package  exhibited 
less  than  a  2  degree  centigrade  error  under  similar 
test  conditions. 

Note  from  Figure  10  that  delta  frequency  in¬ 
formation  is  directly  available  in  analog  or  digital 
format.  The  R.  plug-in  resistor  sets  the  counting 
interval  (Tl)  for  the  difference  frequency  counter. 
The  counter  reset  pulse  (T2J  is  available  to  generate 
an  interrupt  request  to  a  microprocessor, 
computer/calculator,  or  minicomputer  to  indicate  that 
the  latched  dc  outputs  of  the  93L08  latch  are 
indicating  an  8  bit  parallel  digital  formatted  valid 
value  of  delta  frequency.  An  8  bit  parallel-to-serial 
shift  register  would  be  required  to  acquire  the  test 
data  in  a  serial  digital  format. 

Figure  14  describes  a  simple  TTL  circuit  which 
can  be  used  to  translate  temperature  and  crystal 
resistance  data  from  analog  to  digital  format.  The 
digital  data  can  be  supplied  in  8  bit  parallel  or 
serial  format  from  the  circuit  in  Figure  14  (as  shown) 
to  be  compatible  with  a  microprocessor, 
computer/calculator  (e.g.,  HP9825)  or  minicomputer 
interface.  An  8  bit  serial  output  is  available  at  the 
serial  output  of  the  2502  (25L02)  successive 

approximation  register  (SAR)  during  the  first  8  clock 
Intervals  following  a  data  request  (start)  signal  from 
a  microprocessor.  Data  is  valid  in  8  bit  parallel 
digital  format  In  the  clock  interval  following  the  end 
of  conversion  signal  from  the  2502  (25L02)  SAR.  CMOS 
integrated  circuits  are  becoming  available  (e.g. 
AD7570)  to  supply  the  total  analog-to-dlgital  converter 
function  (typically  CMOS  circuits  are  less  tolerant  of 
handling  abuse  in  test  circuit  fabrication  but  are 
otherwise  desirable). 

If  the  reader  were  to  compute  output  voltage  of 
the  crystal  as  a  function  of  crystal  resistance  with 
x  phase  shift  nulled  to  zero.  It  would  be  apparent  that 
output  voltage  is  not  a  linear  function  of  crystal 
resistance.  The  Input  voltage  to  the  test  circuit  is 
Independent  of  crystal  equivalent  resistance  (l.e., 
stays  constant).  Therefore,  for  a  fixed  amplitude 
Input  at  crystal  resonance  a  calibration  curve  can  be 
generated  for  use  In  a  direct  analog  display.  A  simple 
conversion  table  can  be  generated  digitally  from  a 
calibration  curve  In  a  number  of  ways.  One  simple 
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implementation  within  a  computer  is  to  use  a  look-up 
table.  An  alternate  scheme  would  use  a  PROM  with  the 
digital  encoder  output  of  the  applied  to  the  address 
lines  of  the  PROM  and  the  data  in  the  address  location 
of  the  PROM  reflecting  the  true  value  of  resistance 
derived  from  calibration. 

Summing  Up  Custom  System  Test  Method 

Recurring  tuning  requirements  include  the  LC  tank 
for  the  ECL  oscillator  and  a  capacitor  for  the  'LOSSY' 
delay  line.  Each  selection  can  be  based  on  a  1-line 
computation  for  any  given  crystal  type.  The  parts 
required  are  generally  available  to  anyone  interested 
in  their  procurenent.  For  users  with  a  single  crystal 
type  to  be  screened,  certain  economies  are  obvious. 
For  example,  the  tuned  amplifier  stage  in  the  ECL 
oscillator  can  be  used  to  increase  signal  input  power 
in  lieu  of  use  of  the  thin  film  wide  band  hybrid 
amplifier  (trading-off  one  more  tuning  step  for  an 
additional  component).  A  simple  method  for  making  the 
crystal  lock  up  in  an  unconditionally  stable  loop  is 
demonstrated.  Control  loop  frequencies  which  introduce 
additional  phase  shifts  are  avoided  (e.g.,  frequency 
range  where  compliance  of  crystal  is  frequency 
dependent  (generally  over  20  kilohertz)  as  evidenced  by 
many  voltage  controlled  crystal  oscillator  input 
frequency  constraints).  Settling  time  (for  the  case 
where  a  crystal  is  maintained  in  a  closed  loop  as  shown 
in  Figure  7)  is  easily  verified  empirically  for  any 
given  crystal.  Settling  time  can  be  a  significant 
factor  involved  in  determining  the  length  of  time 
required  to  perform  a  test  while  maintaining  temp¬ 
erature  continuous  in  its  variation  through  the  test 
(e.g.,  temperature  steps  less  than  0.1  degrees 
centigrade).  By  simply  removing  the  shunt  across  the 
20  pF  capacitor  in  the  ir  (see  Figure  7)  loop  response 
time  can  be  visually  monitored  on  a  recorder.  The  loop 
time  constant  set  by  the  integrator  is  1  second  in  the 
example  shown.  This  translates  to  setting  an 
acceptance  limit  to  70  percent  of  the  specification 
value  if  it  is  desired  to  sweep  temperature  at  a  rate 
of  0.05  degrees  per  second  and  still  screen  anomalous 
responses  within  a  specified  acceptance  limit.  The  L/R 
time  constant  for  the  sample. 85  MHz  crystal  shown  is  on 
the  order  of  6.5  x  10"J  henries/5  ohms  =>  1.3 
milliseconds.  The  L/R  time  constant  for  a  5  MHz 
frequency  standard  crystal  could  well  be  on  the  order 
of  25  henries/5  ohms  =»  5  seconds.  In  one  instance  the 
time  constant  of  the  integrator  dominates  settling  time 
response.  In  the  other  case  it  does  not.  In  either 
case,  the  empirical  test  described  is  an  easy  way  to 
bound  measurement  response  time  requirements  for  a 
given  class  of  crystals. 


Generalizations  Which  Can  Be  Applied  To  Computer 
Test  Method 

Each  of  the  basic  elements  in  the  custom  system 
described  can  be  replaced  by  certified,  commercially 
available,  computer  bus  oriented  units  of  test 
equipment.  Many  frequency  synthesizers  can  be  operated 
in  a  voltage  controlled  oscillator  (VCO)  mode.  A 
tracking  receiver  or  vector  voltmeter  can  be  utilized 
as  a  phase  detector  and  RF  voltmeter  and  finally, 
period  type  counters  such  as  the  HP5345  allow  for 
accurate  direct  frequency  readout. 

The  same  loop  stability  constraints  apply  when 
measuring  crystal  parameters  under  computer  control  as 
apply  for  the  custom  system.  Minimum  measurement 
settling  time  will  prevail  vrfien  the  crystal  under  test 
is  maintained  at  resonance  in  a  closedloop  circuit  such 
as  that  shown  in  Figure  7.  If  a  computer  is  used  to 


test  a  number  of  crystals  which  are  concurrently  being 
exposed  to  temperature  change,  each  crystal  under  test 
can  be  supported  in  a  separate  closed  loop  circuit  such 
as  that  shown  in  Figure  7  to  minimize  test  time  as 
determined  by  circuit  settling  time  response. 

Some  suppliers  have  found  it  desirable  to  check  a 
number  of  crystals  concurrently  by  use  of  a  turret  type 
mechanical  switch  handling  a  load  of  crystals  or  by  use 
of  an  electronic  RF  switching  array.  The  principal 
impediment  to  continuous  temperature  response  type 
testing  with  these  implementations  is  the  response  time 
associated  with  measuring  each  crystal  response  from  no 
excitation  to  switch  closure  (selection  of  crystal 
under  test).  The  use  of  predictive  techniques  to  en¬ 
hance  measurement  response  has  now  -ye*  been  implemented 
in  computer  software  by  at  least  one  supplier. 

Each  measurement  can  start  with  a  crystal  input 
frequency  which  is  relatively  wide  of  the  mark  for 
crystal  resonance  at  the  test  temperature.  Over  the 
relatively  wide  span  in  temperature  between  turning 
points  crystal  frequency  change  is  quite  predictable 
for  a  given  lot  and  specified  turninq  point  tolerance. 
Except  when  an  anomaly  is  impacting  response  of  the 
crystal,  successive  measurements  at  contiguous  temper¬ 
atures  could  begin  with  test  frequency  programmed 
virtually  "on  the  mark"  with  respect  to  frequency  of 
"0°"  phase  response.  This  approach  to  minimizing 
measurement  response  time  requires  a  frequency  source 
which  can  be  modulated  (switched)  at  a  rate  which  is 
fast  relative  to  crystal  response  times.  This  approach 
also  requires  more  of  the  test  computer  in  memory  with 
faster  access  times  and  computational  capacity.  It 
also  requires  more  sophistication  in  making  the 
measurement  time  "adaptive"  in  proportion  to  the  null 
error  sensed  and  rate  of  closure  to  a  null  with  each 
measurement. 

Some  current  computer  controlled  test  systems  tend 
to  avoid  "continuous"  measurements  of  frequency  versus 
temperature  and  resistance  versus  temperature. 
Temperature  is  allowed  to  stabilize  on  the  order  of  15 
minutes  prior  to  each  set  of  measurements.  Emphasis  is 
placed  on  absolute  value  data  and  no  special  effort  is 
evident  in  reducing  measurement  time  to  improve 
"throughput"  with  respect  to  screening  production 
quantities  of  parts.  Continuous  temperature  testing  by 
high  reliability  crystal  suppliers  tends  to  be  defined 
as  measurement  at  3°F  intervals  for  the  "turret  type" 
computer  controlled  test  system.  In  the  writer’s 
opinion  this  is  a  grudging  recognition  that  this  level 
screen  would  have  detected  crystals  with  anomalies  that 
caused  holes  in  the  response  of  crystal  filters 
intended  for  high  reliability  UHF  communications 
receivers  in  satellite  communication's  systems. 

Crystal  product  suppliers  for  outstanding 
procurements  of  parts  for  the  0SCS1I  Satellite 
Communication  System  have  accepted  a  requirement  to 
screen  crystals  over  temperature  with  test  points  at 
0.05°C  Intervals  being  accepted  as  a  continuous 
measurement.  Figure  15  illustrates  the  effect  of 
crystals  with  very  narrow  temperature  anomalies  which 
were  screened  out  by  one  oscillator  supplier  by  tests 
conducted  at  an  oscillator  level  of  assembly.  Note 
that  two  out  of  three  crystal  responses  shown  in  Figure 
15  exhibited  anomalies  on  the  order  of  1°C.  The 
oscillator  responses  shown  were  subsequently  verified 
to  be  a  result  of  a  narrow  band  of  temperature 
anomalies  in  the  crystals  used  in  the  oscillators. 
Test  times  for  the  examples  shown  in  Figure  15  were  19 
hours.  Minimization  of  test  time  was  not  a  significant 
factor  considered  in  establishment  of  this  particular 
test. 


Generalizations  Applicable  To  Test  Method  Using 
Current  Standard  RF  Test  Equipment 


The  same  control  loop  dynamics  apply  as  for  the 
custom  circuit  approach  described.  It  has  been 
empirically  discovered  that  certain  frequency 
synthesizer  and  vector  voltmeter  combinations  are  dc 
compatible  to  the  extent  that  they  can  function  as  a 
voltage  controlled  oscillator  and  phase  detector  with  a 
simple  capacitor  used  to  form  a  passive  integrator 
(developing  a  loop  with  a  single  pole  response)  (e.g.. 
Figures  16,  17,  with  18  and  19.)  The  synthesizer  must 
have  a  low  FM  present  in  its  output  to  prevent  "washing 
out"  narrow  frequency  band  effects.  The  vector 
voltmeter  should  be  used  with  a  90  degree  offset  to 


function  in  the  manner  described  for  the  customized 
circuit  (i.e.,  present  0  dc  output  for  0°  phase  shift 
across  the  crystal  in  the  tr).  Control  loop  dynamics 
can  be  verified  in  the  same  manner  empirically  as 
described  for  the  customized  test  circuit  method  (e.g., 
removing  the  shunt  across  the  20  picofarads  shown  in 
the<  and  observing  settling  time  response  on  an  analog 
recorder).  Unless  the  frequency  synthesizer  sweep 
range  in  a  V-Q  mode  is  limited  in  the  same  manner  as 
described  foruthe  customized  circuit,  the  test  techni¬ 
cian  may  require  several  trials  to  cause  loop  closure 
following  the  “main"  (desired)  mode  response  as  opposed 
to  loop  lockon  a  spur  (inharmonic)  response.  Lack  of 
limiting  VCQ  range  can  result  in  the  loop  “jumping" 
modes  in  response  to  a  transient  disturbance  (e.g., 
power  supply  interruption  or  noise). 


Table  II.  Lossy  Delay 
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Figure  3.  Frequency  vs  Temperature  for  a  Crystal  with  a  Narrow  Frequency  Anomaly 
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Figure  A.  Phase lock  loop  System  for  Detecting  Anomalous  Quartz  Crystal 
Frequency  and  Activity  Changes 
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NOTE:  FREQUENCY  IN  PARTS  PER  MILLION 
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Figure  6.  Gain  and  Phase  Shift  vs  Frequency  for  a  Typical  85  Megahertz 
Fifth  Overtone  Quartz  Crystal 


Figure  7.  Phase  Lock  Loop  with  Test  Crystal  Used  as  a  Zero  Phase  Reference 
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Figure  8.  Capacitance  of  a  Typical  1N5446A  Varactor  Diode 
Pair  in  Series  vs  Applied  Voltage 


Figure  9.  Incremental  Open-Loop  Model  of  Crystal 
Phase  Lock -Loop 
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Figure  10.  Linear  Counter  Type  Frequency  Discriminator 


Figure  13.  Illustrating  a  Method  Used  for  Monitoring  Crystal  Temperature 
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Figure  16.  Basic  Crystal  Excitation  Loop  and  Calibration  Procedure 


Figure  17.  Complete  Test  Circuit  -  Frequency/Resistance  vs  Temperature  for 
a  100  Megahertz  Quartz  Crystal 
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Figure  18.  Effects  of  Teirperature  Slew  Rate  on  a  Crystal  Response 
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EXTENDING  THE  FREQUENCY  RANGE  OF  THE  TRANSMISSION  LINE  METHOD  FOR  THE 
MEASUREMENT  OF  QUARTZ  CRYSTALS  UP  TO  250  MHz 

R. Fischer,  L.Schulzke 
KVG  -  Germany 


The  transmission  line  method  according 
to  I  EC  444  has  proven  in  practice  as  an 
efficient  way  to  measure  quartz  crystal  para¬ 
meters  in  the  frequency  range  from  1  to 
125  MHz.  Accuracy  and  repeatability  of 
measurement  are  superior  to  any  known  active 
method  with  test  oscillators  and  come  close 
to  the  results  obtained  with  sophisticated 
bridge  arrangements,  which  are  still  the 
standard  for  fundamental  laboratory  work.  The 
closed-loop  transmission  line  system  is,  in 
conjunction  with  a  programmable  synthetizer 
and  phase  meter,  perfectly  adaptable  to  a 
computerized  high-speed  measuring  system  for 
production  and  quality  control. 

With  increasing  frequency  the  complex 
admittance  resonance  circle  of  the  crystals 
2-port  equivalent  circuit  moves  away  from  the 
real  axis,  as  shown  in  Fig.(1);  for  frequen¬ 
cies,  where  the  susceptance  Bc  of  the  static 
capacitance  exceeds  1/2  R’  there  exists  no 
intercept  with  the  real  axis  and  hence  no 
zero-phase  transmission  any  more.  Below  this 
critical  frequency,  fr  and  Rr,  per  definition 
the  characteristic  low  impedance  figures  for 
zero-phase  transmission,  can  be  measure* 
easily,  but  determination  of  the  motions  1 
parameters  Ci,  L}  and  Ri  becomes  strongly 
erroneous  due  to  the  influence  of  CQ. 

Compensation  of  CQ  by  a  tuned  parallel 
Inductance  was  proposed  to  overcome  this 
problem.  Provided  the  Q  of  this  compensation 
inductance  is  inherently  high,  this  Co-can¬ 
cellation  returns  the  centerpoint  of  the 
admittance  circle  exactly  onto  the  real  axis 
and  direct  access  to  the  motional  branch 
parameters  of  the  crystal  is  given. 

This  paper  describes  an  electrically 
tuned  compensation  circuit,  which  is  directly 
connected  to  the  knife-edge  contacts  of  the 
It -network  and  permits  cancellation  of  C0 
over  a  frequency  range  from  100  to  250  MHz. 

It  consists  basically  of  a  symmetric  Wlricap 
capacitor  and  a  parallel-line  inductance  with 
a  simultaneously  tuned  shortening  canacitor 
at  its  end.  Besides  the  circuit  ana“sis  a 
detailed  description  of  the  calibration  and 
measuring  procedure  is  given  for  the  compen¬ 
sated  transmission  line  network  taking  into 
account  the  finite  Q  of  the  aompensation  cir¬ 
cuit  and  its  influence  on  the  determination 
of  frequency  and  motional  parameters. 

Although  this  compensation  method  is  not 
yet  evaluated  to  its  full  extent,  especially 
with  respect  to  distributed  reactances,  it 
seems  to  be  a  promising  solution  for  the 
measurement  of  VHF-crystals  by  the  trans¬ 
mission  line  principle  and  can  be  easily 
adapted  to  existing  equipment. 


Introduction 

The  commonly  used  layout  of  a  trans¬ 
mission  line  setup  for  the  measurement  of 
crystal  parameters  in  the  frequency  range 
from  1  to  125  MHz  is  shown  in  Fig. (2) :  The 
RF-generator ,  mostly  a  synthetizer  with  a 
selectable  decade  stage  running  in  VCO-mode, 
feeds  via  a  power  splitter  the  two  channels 
A  and  B.  Channel  A  is  the  reference  path  for 
the  phase  meter,  whereas  channel  B  keeps  the 
transmission  line  network.  Both  channels  are 
trimmed  to  the  same  electrical  length  and 
have  50  ohm  terminations,  where  the  test 
probes  of  the  vector  voltmeter  are  attached. 
The  residual  phase  vs.  frequency  change  in 
the  order  of  1  to  2  degrees  over  the  full 
frequency  range  can  be  corrected  by  the 
phase  offset  control  of  the  vector  voltmeter. 
The  servo  output  of  the  phase  meter  is  fed  to 
a  search  and  lock  circuit,  which  generates 
the  VCO-control  voltage  of  the  closed-loop 
system  for  zero  phase  difference  between  the 
channels  A  and  B. 

The  electrical  configuration  of  the 
2-section  transmission  line  network  is  given 
in  Fig. (3):  The  resistance  values  are  de¬ 
signed  for  a  maximal  reflection  coefficient 
of  2  *  and  power  matching  is  obtained  with  a 
crystal  resistance  of  Rr  =  25  ohms.  With 
reference  to  the  graph  in  Fig. (3)  variations 
of  Rr  to  higher  figures  have  a  less  pronoun¬ 
ced  effect  onto  the  crystal  drive  level,  al¬ 
though  a  higher  resolution,  i.e.  phase  vs. 
frequency  change,  is  achievable  with  lower 
impedance  networks. 

Network  calibration  correctly  should  be 
done  by  insertion  of  a  frequency  compensated 
resistor,  practical  use  however,  with  only 
slight  degradation  in  accuracy,  is  insertion 
of  a  shortcut.  After  zeroing  the  phase  meter 
the  drive  level  is  set  to  the  estimated  Rr  of 
the  crystal  by  setting  Vbs  to 


vb»-  HW3(Rf.25) 


After  inserting  the  crystal,  its  Rr  can  be 
calculated  from  the  appropriate  Vb-reading  by 


"■  ■  (fe  •')■» 


and  the  actual  power  dissipation  of  the 
crystal  becomes 

Pc  =  ».«  W  75^57 


r 


i 


i 


Until  now  anything  is  correct:  By  definition 
fr  and  Rr  are  the  characteristic  frequency 
and  resistance  of  the  purely  resistive  crystal 
for  the  low-impedance  case.  Their  deviation 
from  the  motional  branch  parameters  fs  and  Rr 
is  systematic  and  can  be  taken  into  account. 
The  normalized  frequency  offset  between  fr 
and  fs  is 

°  ^  ^  Qc?(  1*  Vi  -  AR,2/ Xq5'  )  ^ 

r  -  Co/C)  Qq=  I  /U%R)  C|  Xo='/U)sCq 

As  long  as  the  susceptance  B0  =  1/XQ  of  the 
static  capacitance  is  negibly  small,  the 
motional  branch  parameters  Ri ,  Ci  and  L)  can 
be  determined  by  the  transmission  line  method. 
Under  this  provision  is 

fr  “  fs  ^  *  R)  [5] 


The  effective  Q  of  the  crystal,  loaded  by  the 
25  ohms  of  the  network  then  becomes 

„  U)s  L)  _ I _  fm  fm  [cl 

u#,,i  R,  .25  1  U)SC,(R,.25)  “  Af3db  *  A»«S*  L  J 


Qeff  then  can  be  calculated  from  the  measure¬ 
ment  of  the  relative  bandwidth  at  3  db  atten¬ 
uation  or  at  z  45°  phase  offset.  The  motional 
capacitance  and  inductance  then  are 

-  Al«45*  i  _  1  r,i 

'  “  2Tlfs2(Rf25)  '  OJ^C)  ^  J 

Especially  for  automated  measurement  proces¬ 
sing  a  more  accurate  determination  of  the 
motional  parameters  can  be  derived  from  the 
analysis  of  the  complex  crystal  Impedance  in 
series  with  its  termination  by  the  transmis¬ 
sion  line  network.  By  taking  2  readings  of 
Vb  and  frequency  at  opposite  phase  offsets 


of  A<P 

one  obtains 

R,  =* 

(  vbs  cos  |ip|  X  25 

v  Vb(.t(,).Vb|-.p)  ' 

Cl  * 

( vb(.iprvb(-<e)) 

25  Tt  sm<p  Vbs  I  *(<<il  ♦  f(-*p))^ 

50  simp  Vbs 

L1  ^ 

H  I  <(♦<,)-  f(-ip))- ( Vb(*ip)» Vb(-i 

Equations  (5)  through  (8)  are  exactly 
valid  only  under  the  provision  of  a  neglibly 
small  susceptance  1/XQ  or  of  CQ  being  com¬ 
pensated.  In  other  words:  When  the  motional 
parameters  are  measured  by  opposite  phase- 
offsets  from  zero-phase  transmission,  the 
resonance  curve  of  the  crystal  becomes  non- 
symmetric  and  one  gets  differing  Vjj-readings 
due  to  the  vertical  shift  of  the  admittance 
circle.  The  theoretical  errors  resulting  from 
this  were  computed  by  an  analysis  program  of 
the  complex  crystal  impedance  loaded  by  the 
transmission  line  network,  which  was  assumed 
to  be  purely  resistive.  The  results  are  given 


in  Fig. (4)  for  crystals  in  the  fundamental, 

3rd  and  5th  harmonic  mode.  The  errors  become 
noticable  in  the  3rd  overtone  and  reach  un¬ 
acceptable  figures  in  the  5th  harmonic  mode. 
These  errors  are  principal  ones  and  have 
nothing  to  do  with  the  excellent  correlation 
achieved  between  different  transmission  line 
setups . 

Here  we  touch  the  core  of  the  problem  when 
discussing  bridge  vs.  transmission  line  mea¬ 
surements:  Not  so  much  correlation  of  the 
frequency  measurements  is  the  problem, because 
of  the  high  Q  of  the  crystal  the  differences 
are  sufficiently  small  for  most  practical 
purposes  or  can  be  corrected  by  an  error  ana¬ 
lysis.  Main  problem  is  the  erroneous  deter¬ 
mination  of  motional  parameters  by  phase- 
offset  methods  due  to  the  uncompensated  C0» 
which  must  give  physically  wrong  results  in 
comparison  to  bridge  measurements  with  in¬ 
creasing  frequencies. 

The  bridge  method  eliminates  this  error 
by  the  initial  balancing  procedure  and  then 
measurement  access  is  given  directly  to  the 
motional  arm.  A  way  to  solve  this  problem  for 
the  transmission  line  method  was  proposed  by 
Franx  (Ref.  1)  by  measuring  the  complex  ad¬ 
mittance  by  a  multipoint  method  and  then  cal¬ 
culating  the  parameters,  including  C0.  As  a 
closed  mathematical  does  not  exist,  the 
results  have  to  be  determined  iteratively  and 
the  method  is  therefore  restricted  to  systems 
linked  to  a  high-speed  computer.  A  further 
disadvantage  is,  that  fs  and  R3  are  calculated 
figures  and  cannot  be  measured  directly. 

Compensation  of  CD  seems  to  be  the  sim¬ 
plest  way  to  get  direct  access  to  the  motio¬ 
nal  branch,  the  results  obtained  then  should 
come  closer  to  those  of  bridge  measurements 
(Ref.  2),  (Ref.  3). 


Layout  of  the  Cn-Compensatlon  Circuit 


An  attempt  was  made  to  construct  a  net¬ 
work  with  an  adjustable  Co-compensation.  The 
evaluation  was  projected  towards  the  measure¬ 
ment  of  VHF-crystals ,  where  the  conventional 
network,  depending  on  its  construction,  has 
an  upper  frequency  limit  around  125  MHz. 

Because  the  transmission  line  network  is 
a  symmetric  device  with  reference  from  the 
crystal  terminals  to  ground,  the  compensation 
circuit  was  designed  for  the  same  symmetry. 
When  considering  stray  reactances  of  the  crys¬ 
tal  and  the  compensation  circuit,  these  reac¬ 
tances  are  in  a  bridge  arrangement  and  only 
their  differences  are  of  major  importance. 

The  principle  of  the  Co-cancellation  is 
derived  in  Fig. (5) :  C0  can  be  compensated 
according  to  Fig. (5. a)  by  a  parallel  induc¬ 
tance  Lor  which  is  resonant  with  C0  at  or 
close  to  fs.  Compensation  is  still  achieved 
if  L0  is  replaced  by  the  parallel  resonance 
circuit  consisting  of  Lp  and  Cp  (see  5.b), 
the  resonance  condition  at  fg  nas  then  to  be 
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both  wires  can  be  calculated  by 


r 


fulfilled  by  (Cp+C0) .  Because  of  the  above 
mentioned  symmetry  reasons  the  basic  configu¬ 
ration  according  to  Fig.(5.c)  was  chosen, 
where  the  electrical  circuit  is  shown  In  Fig. 
(5.d)  with  varicaps  instead  of  the  variable 
capacitors  Ca  and  Cb. 

Actually  the  compensation  circuit  con¬ 
sists  of  the  variable  capacitance  Ca/2  paral¬ 
lel  to  Co  and  the  inductance  2L,  in  series  of 
which  the  simultaneously  tuned  shortening 
capacitor  Cb/2  is  placed.  By  folding  the  cir¬ 
cuit  about  its  plane  of  symmetry  the  equi¬ 
valent  schematic  of  Fig.(S.e)  is  derived;  for 
the  lossless  case  its  complex  impedance  must 
be  purely  reactive  and  is 

U)  L  _  1 

7  :  2  U^Cb _  r  q ] 


and  the  effective  reactive  components  for  the 
resonance  condition  at  fs  can  be  written 


Ln  = 


Cp  = 


L/2 


-W2?)  (4C0*2Ca) 

Cb  {’•  (^7-^t)(4C°*2c“) 


[>0] 

["] 


According  to  general  network  theory  such 
a  device  has  a  pole  impedance  at  zero  fre¬ 
quency  and  a  zero  and  pole  with  increasing 
frequency.  By  solving  Eq.  (9)  for  these  con¬ 
ditions  we  obtain 

U)2  r  ws2  =  l/LCb  [12] 

for  the  series  mode  and 

»!  ■  •  ■/  (“*  cgr^r)  l») 


for  the  parallel  resonance  mode.  Both  modes 
are  related  to  each  other  by 


“p  5  “• 


Wp  =*  Ws  y '  ♦  y  *  ',22  Ws  forCb»CQ  ['5) 

i.e.  the  unwanted  series  mode  can  be  placed 
20  *  below  the  desired  high-impedance  parallel 
resonance  mode,  low  enough  not  to  affect  the 
crystal  measurement  in  the  narrow  bandwidth 
of  consideration. 

The  mechanical  layout  of  the  compensation 
circuit  is  sketched  in  Fig.  (6) ;  The  parallel- 
wire  inductance  is  directly  attached  to  the 
contact  blades  of  the  transmission  line  net¬ 
work.  For  the  wire  length  1,  the  center-to- 
center  distance  a  and  the  wire  radius  r  (in 
millimeters)  inductance  of  the  parallel  line 
for  the  same  amounts  of  current  flowing  in 


2L  =  I  (4  In  -£-)  ■  tO'9 


[*] 


The  tuning  characteristic  was  analyzed 
by 


C  static  capacitance  (Q25pF) 

Cv/pF  .  Cp* - ^ — —  V,  reverse  voltage  [  '7  ] 

(vr*Tk)  contact  potential  (0,7volts) 


The  planar  type  BB  109Q  (Siemens)  with  K=94.5 
and  n=0,90  was  chosen  and  the  hyperabrupt 
MV  1403  (Motorola)  with  K=920  and  n=1,67.  For 
reverse  voltages  from  12  to  2  volts  Ca  chan¬ 
ges  from  19  to  77  pF  and  Cb  from  18  to  175  pF. 
The  measured  characteristic  in  Fig. (7)  shows, 
that  for  C0  up  to  7  pF  the  range  from  100  to 
250  MHz  is  covered. 

By  defined  capacitive  detuning  and  obser¬ 
vation  of  the  resonance  shift  the  effective 
reactances  were  measured 


Lp  - 


I 

4Tt2  f02  Cv 


[18] 


and  plotted  in  Fig.  (8):  The  chosen  configu¬ 
ration  undergoes  a  1:5  change  of  inductance 
Lp  and  has  a  relatively  stable  S-shaped  ef¬ 
fective  capacitance  Cp. 

The  loaded  Qp  of  the  compensation  cir¬ 
cuit  can  be  measured  by  plotting  the  phase 
vs.  frequency  characteristic,  an  example  is 
given  in  Fig.  (9)  for  166  MHz:  The  maximum 
slope  at  resonance  is  4,1.10-5  degrees/Hz, 
if  we  assume  a  crystal  with  Q  =  50.000  the 
measurement  over  its  bandwidth  would  create  a 
total  phase  error  of  0,14  degrees  originating 
from  the  of f -resonance  reactances  of  the  com¬ 
pensation  circuit.  As  Q  is  directly  related 
to  phase  change,  the  low  Qp  of  the  compensa¬ 
tion  circuit  affects  phase  measurements  of 
the  crystal  only  by  a  factor  Qp/Qc- 

Under  these  assumptions  the  compensation 
circuit  can  be  replaced  by  its  parallel  loss 
resistance  Rp,  and  this  can  be  considered  to 
be  frequency  independent  within  the  frequency 
range  of  consideration.  With  this  statement 
measurement  and  calculation  of  the  motional 
parameters  is  greatly  simplified.  In  Fig.  (10) 
Qp  and  Rp  are  plotted  over  the  frequency 
range  considered  here:  Rp  figures  in  excess 
of  1000  ohms  are  achieved  with  a  maximum  of 
Qp  at  225  MHz,  which  of  course  would  be  better 
placed  in  the  middle  of  the  operating  fre¬ 
quency  range. 


Calibration  and  Measuring  Procedure 

Because  of  the  above  reasons  the  low-Q 
compensation  circuit  is  replaced  in  the  fol¬ 
lowing  considerations  by  its  parallel  loss 
resistance  Rp  and  this  is  assumed  to  be  pure¬ 
ly  resistive  and  frequency  independent.  Under 


this  provision  the  crystal  with  the  parallel 
compensation  circuit  and  the  terminating  re¬ 
sistance  Rt  of  the  transmission  line  network 
can  be  comprehensed  to  the  equivalent  circuit 
of  Fig. (11):  The  complex  impedance  Zm  of  the 
motional  arm  of  the  crystal  can  be  written  in 
the  form 

Zm  --  R,  *  J  U)SL)  n  [«] 


circuit  to  minimum  Vb  or  zero 
phase  reading.  The  parallel  loss 
resistance  Rp  is  then  calculated 
from 


(<=-')  Rt 


U)  We  •> 

where  ft  -  -  1 uT  UJs2=  l/LtCt 


introducing  uj  ;  w5  .  Au) 
Zm  of  Eq.  (19)  reduces  to 


Au)/cds  « i 


Step  3:  Next  the  generator  is  tuned  to 

the  crystal  frequency  and  locked 
at  zero  phase,  then  is 


f  =t>  ls 


... Zfl_ 

'-z0'RP 


Zm  =  R 1  ♦  J  2  AcoL)  [20] 

The  complex  impedance  of  the  compensated 
crystal  in  series  with  the  terminating  resis¬ 
tance  Rt  of  the  network  now  becomes 


Rp  [(  R12  *Rl  Rp  *4  Atu2!.!2)*  j  (2  Au)  Li  Rp )  ]  .  . 
'  *  (  R(*  Rp  I2  ♦  (  2Au)L,  I2  ^ 


The  phase  angle  of  this  impedance  is 


.  QfC  c,  (2Au)L,l2  (Rp«R,)«RpR|Z«Rp^  R|«R,(R)*RP)^  ,  , 

(2AcoL,)  Rp2  1  J 


where  ZQ  is  the  resistance  re¬ 
sulting  from  paralleling  R-|  and 
Rp  in  the  zero  phase  condition. 


Step  4:  Finally  two  frequency  measure¬ 
ments  are  made  at  identical 
positive  and  negative  phase 
offsets,  the  offset  angle  pre¬ 
ferably  should  be  not  larger 
than  half  of  the  figure  maximal¬ 
ly  attainable.  The  remaining 
motional  arm  parameters  are  then 
calculated  from 


and  its  maximum 


1  arc  c,9 


|f4B(  Rp«Rt ) 


RpZctgg>-  VRp*ctaV4BIRp*Rt) 


4Tt  ( (  Rp*Rt) 


C,  =■  1  / U)s2  L, 


Q  =  Ws  L)/Rj 


B  =■  Rp  R12.  R12  Rp*  R)2  Rt.  2R)  Rt  Rp  ♦  Rt  Rp2  [24] 


with  B  taken  from  Eq.  (24) 


From  Eq.  (22)  now  the  motional  induc¬ 
tance  of  the  crystal  can  be  extracted 


Rp2  ctg  ip  ±yRp4ctg2ip  -  4B  (  Rp*  Rt 


4  Au>(  Rp*  Rt) 


Although  these  formulas  are  looking  some¬ 
what  lengthy  for  practical  use,  the  compu¬ 
tations  are  a  matter  of  seconds  with  the 
aid  of  a  programmable  pocket  calculator. 


For  the  low  impedance  case  around  series 
resonance  the  positive  sign  of  the  root  is 
related  to  negative  phase  angles  and  vice 
versa. 

The  calibration  and  measuring  procedure 
with  the  compensated  transmission  line  net¬ 
work  is  carried  out  in  the  following  steps: 


Step  1 :  With  a  shortcut  inserted  into 
the  network  the  drive  level  is 
set  by  adjusting  Vbs  according 
to  Eq.  (1)  . 


Step  2:  After  inserting  the  crystal  the 
generator  is  set  slightly  below 
the  crystal  frequency  (about 
100  kHz).  CQ  is  then  cancelled 
out  by  tuning  the  compensation 


Conclusion 
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The  third  point  until  now  was  considered 
for  VHF-crystals  only.  With  the  results  ob¬ 
tained  we  now  think  to  apply  this  principle 
also  at  frequencies  below  100  MHz  to  achieve 
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Fig  2:  Commonly  used  Transmission -Line  Network  Setup 


Fig.l :  Complex  Admittance  Resonance  Circle  Diagram 
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Fig^U-Network  Resistance  Figures  and  Crystal  Rower 
Dissipation  vs  Rr  Charactenstic 


Fig  4  Systematic  Error  ot  Measurements  with  incompensated 
Tt  -  Network  (calculated) 
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Rg  8:  Effective  Inductance  and  Capacitance  of  the  Compensation  Circuit 


Fig  5  Principle  of  Co-Compensation  attached  to  the  Tt-  Network 
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Fig.6  :  Simplified  Schematic  of  the  Tt- Network  with 
Co- Cancellation  Circuit 


Fig.7:  Tuning  Characteristic  of  the  Co-Compensation  Circuit 


Fig9  Phase  and  Amplitude  Trmsmission  of  the  compensated  Tt- Network 


Fjg.10:  Qp  and  Parallel  Loss  Resistance  Rp  as  a  Funktcn  of  Frequency 


Fig  TI  Simplified  equivalent  Circuit  of  Co -compensated  Crystal 
and  Tl  -  Network 
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OVENLESS  ACTIVITY  DIP  TESTER 


A.  Ballato  and  R.  Tilton 


US  Army  Electronics  Technology  and  Devices  Laboratory  (ECOM) 
Fort  Monmouth,  New  Jersey  07703 


Summary 

Anomalies  in  the  frequency-  or  immittance- 
temperature  characteristic  of  a  resonator  are  called 
"activity  dips"  or  "bandbreaks."  These  anomalies  are 
generally  conceded  to  be  caused  by  various  combina¬ 
tions  of  different  modal  frequencies  coming  into 
coincidence  at  particular  temperatures  because  of  dif¬ 
fering  temperature  coefficients.  The  presence  of 
activity  dips  is  a  persistent  problem  and  necessitates 
a  good  deal  of  costly  testing  for  medium-  and  high- 
precision  resonator  units. 

The  modal  interference  that  takes  place  may  be 
either  linear  or  nonlinear,  and  a  variety  of  mechan¬ 
isms  leading  to  this  phenomenon  have  been  reported. 

The  effect  of  Inserting  a  capacitor  in  series 
with  a  crystal  is  to  shift  all  resonance  frequencies 
upward  by  amounts  roughly  inversely  proportional  to 
the  capacitance  ratios  of  the  modes  Involved.  As  a 
result  of  this  and  because  the  interfering  modes  have 
differing  temperature  coefficients  and  capacitance 
ratios,  it  is  possible  to  alter  the  temperature  at 
which  a  dip  is  produced.  By  using  an  adjustable 
capacitance  network,  the  activity  dip  spectrum  may  be 
electronically  swept  while  the  temperature  remains 
constant.  The  time-consuming  and  costly  frequency- 
temperature  oven  runs  presently  used  for  detecting 
activity  dips  may  thereby  be  replaced  by  an  all- 
electronic,  constant-temperature  procedure  that  is 
rapid,  simple,  and  well  adapted  to  microprocessor 
control. 

This  paper  outlines  the  theory  of  operation,  the 
required  measurement  setup,  and  sample  results  on 
crystal  test  units. 


Introduction 


linear  superposition  of  the  separate  modal  admittances. 
Uith  temperature  changes  it  is  possible  for  the  two 
resonance  frequencies  to  cross  and  produce  an  anomaly. 
Linear  activity  dips  have  been  described  by  Wood  and 
Seed^  and  by  Fukuyo  et  al ■ ^ 


Nonlinear  activity  dips  are  less  well  understood 
and  perhaps  more  important.  Wood  and  Seed^  found  the 
AT-cut  fundamental  thickness  shear  frequency  to  be 
affected  by  interfering  modes  at  twice  its  frequency; 
Franx^  observed  the  same  type  of  coupling  due  to  a  mode 
at  three  times  the  fundamental.  Birch  and  Weston^ 
investigated  both  cases.  Koga^  found  the  twenty-first 
harmonic  of  contour  extension  interfering  nonlinearly 
with  the  thickness  shear  fundamental.  Similar  results 
were  obtained  by  Fukuyo  et  al.^  In  all  cases  the  sen¬ 
sitivity  of  mode  coupling  to  power  levels  is  a  charac¬ 
teristic  of  the  nonlinearity.  Hafner *  found  that  the 
anomalies  encountered  at  the  fifth  and  seventh  har¬ 
monics  were  nonlinear  in  nature  and  depended  on  the 
electrode  film  as  well  as  the  quartz. 


The  effect  of  inserting  a  capacitor  in  series  with 
a  crystal  is  to  shift  all  resonance  frequencies  upward 
by  amounts  roughly  inversely  proportional  to  the 
capacitance  ratios  of  the  modes.  The  temperature 
coefficients  of  the  various  modes  are  similarly 
altered.  As  a  result  of  these  facts,  and  because  the 
interfering  modes  have  differing  temperature  coeffi¬ 
cients,  it  is  possible  to  alter  the  activity  dip  tem¬ 
perature  by  a  series  load  capacitance.  By  using  an 
adjustable  capacitance  network,  the  activity  dip  spec¬ 
trum  may  be  electronically  swept  while  the  temperature 
remains  constant.  In  effect,  the  time-consuming, 
costly,  frequency-temperature  oven  runs  presently  used 
for  detecting  activity  dips  are  replaced  by  an  all- 
electronic  constant-temperature  procedure  that  is 
rapid,  simple,  and  well  adapted  to  microprocessor 
control. 


Anomalies  in  the  frequency-  or  admittance- 
temperature  characteristic  of  a  resonator  are  called 
"activity  dips"  or  "bandbreaks."  At  least  two  dis¬ 
tinct  species  exist:  "design-related"  dips  and 
"process-related"  dips.  The  latter  type  arise  from 
shortcomings  in  the  processing  phases,  where,  for 
example,  an  Improperly  deposited  electrode  film  peels 
or  blisters  in  a  reversible,  temperature-dependent 
manner;  these  are  not  considered  further  here. 
"Design-related"  activity  dips  are  those  for  which  the 
structural  configuration  remains  unaffected  by  tem¬ 
perature  changes,  but  instead  depend  solely  upon 
geometry  and  material  constants.  The  presence  of 
"design-related"  activity  dips  is  a  persistent  problem 
and  necessitates  a  good  deal  of  costly  testing  for 
medium-  and  high-precision  resonator  units.  Doubly 
rotated  cuts  generally  could  be  expected  to  have  even 
more  problems  in  this  regard  than  AT-cuts  since  they 
exhibit  less  symmetry  and  have,  therefore,  a  more 
complicated  mode  spectrum  when  lateral  boundaries  are 
taken  into  account.  An  exception  appears  to  be  the 
SC/TTC  orlentation^-lO^foT  which  activity  dips  have 
yet  to  be  encountered. 

The  modal  interference  that  takes  place  may  be 
linear  or  nonlinear.  If  the  impressed  voltage  can 
drive  the  deslted  thickness  mode  and  at  the  same  time 
drive  a  harmonic  of  a  flexural  mode,  e.g.,  then  the 
vibrator  admittance  will  reflect  this  fact  as  the 


Frequency-Temperature  Spectrum 

In  Figure  1  we  show  a  portion  of  the  unwanted 
mode  spectrum  of  a  quartz  resonator,  as  function  of 
temperature,  obtained  by  Fukuyo  et  al.  This  pains¬ 
taking  work  shows  clearly  how  various  responses  may 
drift  into  coincidence  at  particular  temperatures  due 
to  differing  temperature  coefficients  of  frequency. 
The  responses  shown  are  those  detected  piezoelec- 
trically.  It  is  also  possible  to  drive  indirectly 
nonpiezoelectric  modes  that  would  not  appear  on  such 
a  chart  and  yet  whose  presences  could  produce 
anomalies.  This  is  particularly  true  of  nonlinearly 
coupled  modes. 


Series  Load  Capacitance 

In  the  vicinity  of  the  main,  desired  mode,  a 
crystal  resonator  is  adequately  represented  by  the 
Butterworth-Van  .Dyke  equivalent  circuit  in  Figure  2. 

The  effect  of  inserting  a  load  capacitor  in  series 
with  the  crystal  may  also  be  represented  by  a  circuit 
of  the  same  form,  but  with  modified  values.  The  appro¬ 
priate  formulas  are  also  given  in  Figure  2. 

The  important  fact  is  that  the  crystal  resonance 
frequency  -  fg  is  shifted  by  the  load  capacitor  to 
a  higher  frequency  f^.  The  load  frequency  f^  depends 
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upon  CL  through  the  fraction  a  and  upon  the  crystal 
capacitance  ratio  r.  For  an  AT-cut  operated  at  the 
fundamental,  a  typical  value  for  r  is  250,  so  that  f^ 
could  be  pulled  up  to  2,000  ppm  by  extreme  changes  in 
C[_.  An  interfering  node,  on  the  other  hand,  is  apt  to 
have  a  very  large  capacitance  ratio  and  so  would  be 
shifted  very  little  by  the  presence  of  Cj,.  This  would 
be  the  case  with  modes  such  as  the  high  overtones  of 
flexure3^;  nonpiezoelectric  modes  would  be  completely 
unaffected  by  the  presence  of  Cl-  Because  the  effec¬ 
tive  capacitance  of  the  thickness  modes,  such  as  the 
desired  AT-cut  shear  mode,  varies  with  the  square  of 
the  harmonic,  the  overtones  will  shift  correspondingly 
less  than  the  fundamental.  The  same  is  true  of  their 
nonlinearly  produced  subharmonics. 

The  series  load  capacitance  thus  shifts  upward  the 
different  modes  by  different  amounts.  Accordingly,  the 
points  of  Intersection  of  the  modes  (cf.  Figure  1)  will 
also  change.  This  is  the  basis  upon  which  the  test 
method  rests - 

Figure  3  contains  "hot  plots"  made  of  a  20  MHz 
resonator.  The  upper  S-shaped  curves  are  plots  of 
frequency  versus  temperature  and  are  typical  of  AT-cuta 
The  lowest  S-curve  was  measured  without  and  labeled 
fg.  It  has  an  anomaly  marked  by  an  arrow  at  about 
78°C.  The  corresponding  curve  of  grid  current  (pro¬ 
portional  to  the  crystal  admittance)  is  marked  kg,  and 
also  exhibits  an  anomaly.  When  a  load  capacitor 
is  placed  in  series  with  the  crystal  in  the  oscillator, 
the  curves  f[_i  and  Rli  are  produced.  Now  the  activity 
dip  has  been  displaced  downward  in  temperature  to 
approximately  58°C.  Substitution  of  a  smaller  capaci¬ 
tor  CL2  is  seen  to  shift  the  activity  dip  anomaly  fur¬ 
ther  downward  in  temperature  to  about  44°C.  The  down¬ 
ward  shift  in  temperature  for  the  anomaly  means  that 
the  temperature  coefficient  of  the  interfering  mode  is 
negative.  Assuming  that  the  resonator  in  question  had 
r  ■  250  would  mean  that  the  Interfering  mode  had  a 
temperature  coefficient  of  about  -5.6  x  10~®/K. 

The  df/f  scale  provided  on  Figure  3  pertains  to 
each  of  the  S-curves  individually,  the  vertical  sepa¬ 
ration  between  S-curves  has  been  greatly  reduced  so 
that  they  could  be  compared  more  easily.  The  resist¬ 
ance  curves  have  been  similarly  displaced  for  clarity, 
and  relative  position  is  unimportant. 

In  order  to  see  more  clearly  how  the  activity  dip 
temperature  shifts  refer  to  Figure  4;  at  the  bottom  is 
a  frequency-temperature  curve  of  a  crystal  vibrator  at 
resonance,  without  Cl-  On  the  scale  of  the  drawing 
the  curve  is  nearly  horizontal;  so  to  keep  in  mind  its 
S-shaped  familiar  character,  its  vertical  scale  has 
been  exaggerated  by  a  factor  of  ten.  Two  curves  rep¬ 
resenting  unwanted,  interfering  modes  have  been  drawn 
to  intersect  the  S-curve  at  a  common  point  located  at 
80°C-  With  a  series  capacitor  attached,  the  S-curve 
moves  upward  by  2000  ppm  and  the  points  of  intersec¬ 
tion  now  occur  at  lower  temperatures.  The  mode  with 
coefficient  of  -60  ppm/K  produces  a  dip  at  48°C,  and 
the  -20  ppm/K  mode  would  produce  a  dip  instead  at 
-23°C. 

It  is  important  to  note  that  the  interfering  mode 
need  not  be  actually  present  as  shown  in  Figure  1  or 
Figure  4.  It  is  only  necessary  that  the  harmonic  or 
subharmonic  producing  the  disturbance  be  represented 
as  shown  in  Figure  4;  the  curve  would  thus  be  a 
"virtual  response"  on  the  figure.  For  example,  Franx3 
observed  nonlinear  coupling  due  to  a  mode  at  three 
times  the  fundamental.  If  this  interfering  mode  were 
to  have  its  temperature  behavior  mapped  and  then  have 
its  frequency  divided  by  a  factor  of  three,  it  could 
then  be  drawn  as  a  "virtual  response"  on  a  figure 


along  with  the  fundamental  curve  for  the  purpose  of 
determining  how  the  dip  temperature  would  change  with 
Cl-  The  "virtual"  curve  would  appear  like  one  of  the 
straight  lines  in  Figure  4,  whereas  Che  actual  inter¬ 
fering  mode  would  appear  at  some  harmonic  frequency 
off  the  scale  of  the  plot. 

Activity  Dip  Scanner 

Our  observations  concerning  the  effects  of  putting 
a  load  capacitor  in  series  with  a  crystal  resonator  in 
an  oscillator  provide  a  method  for  trading  off  temp¬ 
erature  scans,  in  search  of  activity  dips,  against  load 
capacitor  scans.  That  is,  adjustment  of  can  be 
used  to  replace  changes  in  temperature. 

A  series  is  currently  made  use  of  for: 

a  Measuring  crystal  C^; 

a  FM,  by  using  a  varactor; 

a  Compensating  the  frequency-temperature 
crystal  characteristic  in  TCXO's. 

We  now  propose  to  use  the  effect  to  permit  electronic 
scanning  of  activity  anomalies.  A  block  diagram  of  an 
activity  dip  scanner  is  shown  in  Figure  5. 

The  program  control+signal  processing  (PCSP)  block 
1b  Implemented  either  by  a  microprocessor  or  by  a  pro¬ 
grammable  calculator  and  data  Interface.  It  controls 
the  sweep  generator  as  well  as  receives  resistance  and 
frequency  information  for  processing.  A  completely 
Instrumented  system  would  Include  provisions  for 
acceptance/rejection  of  the  unit  for  activity  dips, 
evaluation  of  crystal  parameters,  output  of  results, 
and  control  of  the  crystal  unit  input  and  output  flow 
through  the  scanning  apparatus. 

The  sweep  generator  supplies  the  sawtooth  voltage 
to  both  the  X-axis  of  the  scope  and  the  varactor  net¬ 
work.  The  varactor  network  responds  to  the  voltage 
changes  of  the  sweep  generator  and  produces  the  vari¬ 
able  Cj_  which  is  in  series  with  the  crystal  unit 
under  test. 

The  oscillator  requires  care  in  its  design,  but 
details  will  not  be  gone  into  here.  One  must  be  sure 
that  the  sought-for  anomalies  originate  in  the  crystal 
and  not  in  the  oscillator,  so  that  unwanted  frequency 
components  must  be  strongly  discriminated  against. 
Depending  on  the  type  of  crystal  units  and  the  string¬ 
ency  of  the  testing  required,  it  may  be  adequate  to  use 
a  standard  Cl  Meter  as  the  oscillator.  We  need  only 
assume  that  the  oscillator  is  such  that  it  adjusts  its 
frequency  such  that  the  crystal-load  capacitor  combi¬ 
nation  operates  near  or  at  its  zero  reactance  point  at 
f^.  Provisions  for  maintaining  the  drive  level  of  the 
crystal  constant  as  is  varied  should  also  be  con¬ 
sidered  in  any  embodiment  of  Figure  5. 

The  oscillator  frequency  output  is  mixed  with  a 
reference  oscillator  operating  at  the  nominal  frequency 
of  the  crystal  under  test.  The  difference  frequency  is 
applied  to  a  frequency  discriminator,  whose  output  is 
displayed  on  the  Y-axis  of  the  scope. 

A  system  simpler  than  that  of  Figure  5  results 
from  the  elimination  of  the  FCSF  unit,  and  operation  of 
the  sweep  generator  in  a  free-running  mode. 

The  following  instruments  were  used  in  a  simple 
test  setup  for  determining  the  feasibility  of  the 
method: 
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•  Sweep  generator:  HP  3300A  Function 
Generator 

•  rf  oscillator:  Crystal  Impedance  Meter 
TS-683/TSM  (with  low  drive  modification) 

•  Frequency  discriminator:  GR  1142-A 
Frequency  Meter  and  Discriminator 

•  Reference  oscillator:  HP  S103A  Frequency 
Synthesizer  and  HP  5110B  Synthesizer  Driver 

•  Mixer:  HP  10514A  Double  Balanced  Mixer. 

Examples  of  the  type  of  outputs  obtained  with  the 
simplified  setup  are  shown  in  Figures  6,  7,  and  8. 
These  show  line  drawings  taken  from  actual  scope 
photos.  In  all  cases  the  temperatures  Tj  and  power 
levels  P^  follow  the  relations:  T,  <  T,  <  Tj  and  P^  < 
?2  <  P3.  In  Figure  6  temperature  is  held  constant  and 
power  level  is  varied.  At  the  low  level  Pj^  the 
activity  dip  shows  up  as  a  sudden  change  in  slope, 
although  the  curve  remains  a  single-valued  function. 
With  Increased  drive,  the  dip  is  manifested  by  the 
presence  of  a  hysteresis  loop.  Arrows  indicate  the 
direction  of  traverse  as  varactor  voltage  is  swept 
back  and  forth. 

When  power  level  is  held  constant  and  temperature 
allowed  to  vary,  curves  such  as  those  in  Figure  7 
result.  Here  the  hysteresis  loop  position  changes, 
moving  down  the  curve  with  increasing  temperature. 

This  indicates  that  the  interfering  mode  has  a  nega¬ 
tive  temperature  coefficient  of  frequency.  One  may 
see  this  as  follows:  CL  decreases  with  Increasing 
varactor  voltage,  and  a  decrease  in  Cj_  increases  the 
shift  of  f,  from  fR.  Therefore,  high  varactor  volt¬ 
ages  mean  large  f,  shifts.  If  the  anomaly  occurs  at 
large  varactor  voltage  «t  T1  and  again  at  a  lower 
voltage  at  a  higher  temperature  T-,  then  (cf.  Figure  4) 
the  coefficient  of  the  undesired  Interfering  mode  is 
negative. 

Figure  8  is  comprised  of  a  montage  of  graphs  taken 
from  measurement  photos.  Power  is  constant  along  rows; 
temperature  is  constant  along  columns.  For  the  opera¬ 
tion  of  the  measurement  setup  it  is  not  necessary  to 
operate  at  power  levels  sufficient  to  produce  a  hys¬ 
teresis  loop.  When  no  activity  dip  is  present,  the 
Af-AV  curve  will  be  smoothly  monotonlc  (it  is  not 
necessary  that  it  be  linear).  With  a  dip  present,  the 
slope  of  the  smooth  curve  is  disturbed  and  indicates 
the  existence  of  the  anomaly.  A  simple  differentiating 
network  can  be  used  to  accentuate  the  "glitch,"  and 
detect  the  activity  anomaly  more  readily. 

Alternatively,  the  system  can  be  simply  arranged 
to  use  a  voltage  proportional  to  the  crystal  resist¬ 
ance  ("grid  current"  in  Figure  3)  as  the  Y-axis  scope 
input.  In  different  cases  the  anomaly  will  be  more 
prominent  in  either  the  frequency  or  resistance  shift, 
and  either  may  be  used  in  the  method. 

Range  Extension 

A  load  capacitance  by  itself  can  only  shift  the 
oscillator  frequency  between  the  limits  fj>  $  f,  < 
f , ,  that  is,  between  resonance  and  antlreaonance  of 
the  crystal  unit.  If,  at  the  temperature  of  the  test, 
the  unwanted  interfering  mode  causing  the  activity  dip 
does  not  occur  between  these  limits,  then  the  anomaly 
will  go  undetected  by  the  teat. 

Fortunately,  there  are  simple  ways  of  extending 
the  range  of  the  method.  Figure  9  depicts  qualita¬ 
tively  the  affects  on  the  pole-zero  spectra  resulting 


from  the  placement  of  Inductances  in  series  and  in 
parallel  with  the  crystal.  The  series  Inductance 
("stretching  coil")  lowers  the  first  reactance  zero. 

A  parallel  inductance  shifts  the  pole  at  f^  upward. 

A  series  varactor  with  series/parallel  inductor  moves 
f l  from  below  fR  to  above  f^. 

The  series  and  parallel  inductances  can  be  elec¬ 
tronically  switched  in  and  out  of  the  circuit  using 
PIN  diodes  controlled  by  the  PCSP  unit  in  the 
automatic  measurement  mode. 

From  the  point  of  view  of  network  theory,  the 
pole-zero  shifts  allowed  are  large;  the  limits  Imposed 
by  the  physics  of  the  crystal  vibrator  are  more  strin¬ 
gent.  Leaving  aside  all  considerations  of  sensitivity 
of  the  system  (Figure  5)  on  the  detectability  of 
activity  dips,  the  major  factors  are  the  amplitudes 
of  vibrator  displacement  and  strain  and  the  magnitude 
and  type  of  the  coupling  mechanism  to  the  interfering 
mode.  These  are  discussed  briefly  in  the  appendices. 

For  a  given  resonator  design,  experience  will 
dictate  practical  ranges  for  the  test  system  para¬ 
meters,  based  on  the  type  of  modal  interferences 
encountered,  design  power  level  of  crystal,  etc. 

Conclusion 

A  simple,  rapid,  electronic  means  of  detecting 
the  frequency/resistance  anomalies  known  as  activity 
dips  has  been  described,  with  experimental  confirma¬ 
tion.  The  method  appears  to  be  feasible  to  use  in  a 
number  of  possible  ways: 

a  As  a  rapid  go — no  go  100Z  inspection  method 
for  eliminating  units  having  obvious  and  easily 
detected  activity  dips  prior  to  mAklng  costly 
temperature  runs. 

a  As  a  more  highly  Instrumented  method  com¬ 
bined  with  measurements  for  determining  the  crystal 
C0,  Cj,  Rj,  Lj  parameters. 

a  As  a  hybrid  method,  combined  with  oven  runs 
for  Interpolating  between  temperatures. 

In  this  last  variation,  an  oven  is  used,  with  or 
without  the  provisions  for  moving  the  pole  and  zero 
with  Inductors;  but  the  oven  is  programed  to  dwell 
at  each  of  a  number  of  fixed  temperatures. 

At  each  fixed  temperature  the  varactor  sweep  method 
is  used  to  search  for  dips.  In  this  way,  very  onerous 
temperature  runs  in  search  of  dips  occurring  over 
extremely  small  temperature  intervals^  could  be 
obviated.  The  in  effect  interpolates  between 
fixed  temperatures. 
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Appendix  A 

Estimate  of  Nonllnearltles  in  AT-Cut  Resonators 
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Many  of  the  most  Important  kinds  of  activity  dips 
arise  from  nonlinear  processes.  In  order  to  get  a 
feeling  for  the  magnitudes  that  might  be  Involved,  we 
evaluate  the  ratio  of  the  nonlinear  to  linear  terms  in 
the  problem  of  intermodulatio..  solved  by  Tiersten.lVS 


From  the  nonlinear  equation 

we  use  the  ratio 


5  = 


*1,21 


.  3 

as  a  measure  of  the  size  of  the  nonlinearity. 
For  the  AT-cut, 

i  =  13.7  X  lo"  Va.  . 


(A-l) 


(A-2) 


(A-3) 


Making  use  of  the  approximate,  linear  solution  for  , 
evaluated  at  resonance  and  at  the  center  of  the  plate 
where  uj  2  greatest,  gives 

'S  =  _ji  -IaJ*  x1 


& 


where 


Aj* 


i. 

M* 


V  Q> 


(A-4) 
(A- 5) 


For  AT-cut  quartz 

vC^  =  it .O  X  ei4=o.  0*1 5  C/nn\  (A-6) 

Taking  as  an  example  a  10  MHz  fundamental  resonator 
with  Q  of  500,000  and  1  mV  applied  voltage  gives 


5  «  Z.X  *  d-O 


-a 


(A-7) 


The  displacement  u^  is  greatest  at  x2  »  +h, 
while  the  strain  is  largest  at  x2  «  0.  In  terms  of 
these  maximum  values  we  have 

O' /^surface  =  W««rf.r  •  -  S-i”  X  .  <»-«> 

X 

The  resonance  frequencies  are  obtained  from  the  poles 
of  a2,  that  is,  from  the  roots  of 

taw  X  =  XA\  (B-7) 

About  these  frequencies  f|*0  >  the  presence  of  loss 
serves  to  limit  the  amplitude.  The  amplitude  may  be 
found  by  substituting 

(  1  +  f/*Q„)  (B-8) 

for  f£M)  in  B-l  to  B-4. 

When  C^  is  used  to  pull  the  frequency  to  f^  then 
the  effect  can  be  calculated  by  using 

k*  =  (  1.-  <)>  (3-9) 

with 

U  -  Co  /  (  Ce  +  CL )  ,  (B-io) 

2 

in  place  of  k  in  B-7.  This  determines  ft.  With  the 
known  value  of  fj_  inserted  into  B-l  to  B-4,  the  various 
amplitudes  are  determined  away  from  resonance.  As  long 
as  fh  is  not  too  close  to  fg,  B-8  need  not  be  used  for 
purposes  of  determining  the  effect  of  a  load  capacitor. 
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Appendix  B 

Resonator  Amplitude  with  Load  Capacitor 

In  considerations  of  how  far  f  may  realistically 
be  pulled  from  f^  by  additional  circuitry,  a  knowledge 
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3.  Frequency-  and  activity-temperature 
plots  of  a  crystal  without  and  with 
aeries  load  capacitors.  Locations  of 
activity  dips  are  marked  with  arrows. 


1,  AT-cut  unwanted  mode  spectrum  as 
function  of  temperature. 
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2.  Equivalent  circuit  parameters  of  a 
crystal  without  and  with  series 
load  capacitor. 
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4.  Construction  for  demonstrating  change 
of  activity  dip  temperature  with 
load  capacitance. 


MEASUREMENT  OF  THE  CHARACTERISTIC 


FREQUENCY  OF  AN  AT-CUT  PLATE 
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Abstract 

The  measurement  method  of  Atamasoff  and  Hart  is 
considered  in  terms  of  the  familiar  Sykes-McSkimin  and 
Butterworth-Van  Dyke  models  of  the  crystal  resonator. 
After  consistency  is  established,  the  criterion  Is 
extracted  for  a  measurement  of  resonant  frequency  in 
an  air  gap  to  yield  a  value  equal  to  the  character¬ 
istic  frequency.  The  capacitance  ratio  of  the  un- 
electroded  blank  is  computed  and  air  gap  design  for¬ 
mulas  are  written  with  numerical  values.  The  rela¬ 
tion  between  the  measurements  on  the  overtones  is 
discussed  with  illustration  of  advantages  sometimes 
found  in  overtone  measurement.  Laboratory  and  fac¬ 
tory  measurement  objectives  are  compared.  A  prac¬ 
tical  test  fixture  is  described  and  illustrated. 

Key  Words;  Measurement,  frequency,  character¬ 
istic  frequency,  blank,  monolithic  crystal  filters, 
MCF,  coupling,  trapped  energy. 

Introduction 

A  successful  strategy  for  the  design  of  mono¬ 
lithic  crystal  filters  consists  of  the  following, 
only  slightly  simplified  steps: 

1)  Based  on  the  required  filter  performance, 
select  an  appropriate  normalized  filter  prototype. 

2)  Based  upon  the  terminating  impedance,  center 
frequency  and  bandwidth  reauired,  denormalize  the 
filter.  Determine  the  element  inductance  and  the 
inter-element  coupling  coefficients. 

3)  From  the  element  Inductance  and  center 
frequency,  determine  the  electrode  area.  Design  an 
element  electrode. 

4)  Using  the  electrode  dimensions  chosen  in  3 
and  the  coupllrg  coefficients  found  in  2,  plot  for 
each  coefficient  curves  of  plateback  vs  separation 
along  X  and  Z. 

5)  Choose  the  axis  along  which  the  array  will 
be  coupled  and  the  single  value  of  plateback  which 
provides  the  most  reasonable  set  of  element  separa¬ 
tions  along  the  chosen  axis. 

6)  Add  the  chosen  value  of  plateback  to  the 
filter  center  frequency  to  obtain  the  characteristic 
frequency  of  the  wafer. 

7)  Test  the  overall  array  for  unwanted  responses 
in  the  design  (!]. 


stant  configuration  in  an  oscillator  of  similarly 
undisciplined  characteristics.  The  practical 
measurement  problems  become  so  evident  that  extreme 
measures  are  often  taken  to  beef  up  the  electrode 
structure  and  define  the  oscillator  circuitry.  Even 
so,  repetitive  measurement  of  a  given  blank  regularly 
results  in  a  large  spread  of  measurements  apparently 
dependent  upon  such  variables  as  which  side  of  the 
wafer  is  up. 

This  inaccessibility  of  the  characteristic 
frequency  for  measurement  is  more  basic  than  simply 
a  difficult  problem  in  flxturlng  for  measurement. 

It  is  shown  below  that  the  best  model  we  use  for  the 
resonant  frequency  of  a  finite  wafer  makes  explicit 
that  the  frequency  we  expect  to  observe  is  not  the 
characteristic  frequency  Itself,  but  something  quite 
other.  Only  under  unique  circumstances  is  the  charac¬ 
teristic  frequency  observable. 

•  This  has  been  a  stumbling  block  for  some  time. 

The  characteristic  frequency  enters  the  design  of 
"clean  spectrum"  or  single-mode  energy  trapped 
resonators  in  exactly  the  same  way  as  it  enters  mono¬ 
lithic  crystal  filter  design.  A  major  factor  in  our 
inability  to  reach  a  concensus  on  the  values  of  the 
"magic  numbers"  in  the  plateback  formulas  [1],  [2], 

[3]  used  in  practical  resonator  design  is  simply  that 
the  characteristic  frequency  of  the  wafers  fabricated 
is  not  known.  This  has  made  choice  between  the  var¬ 
ious  proposals  of  theoretical  maximum  values  of 
plateback  not  subject  to  test.  Since  theory  leads  to 
a  maximum  only  regardless  of  the  details,  the  Industry 
has  been  able  to  exploit  the  theory  by  working  to 
practical  limits  treated  as  less  than  the  absolute 
maximum,  in  which  the  measurement  uncertainty  is 
absorbed  into  an  empirically  reduced  numerical 
coefficient. 

A  strategy  of  measurement  which  will  yield  a  set 
of  readings  of  small  spread  is  necessary.  One  which 
will  yield  the  characteristic  frequency  itself  will 
be  of  signal  additional  benefit. 

This  paper  treats  the  search  for  such  a 
strategy. 

The  Three-Dimensional  Resonant  Plezold 


To  implement  the  design,  dimensions  are  estab¬ 
lished  for  the  periphery  of  the  wafer  and  fixtures 
made.  Then  blanks  are  prepared  at  a  number  of 
frequencies  in  the  neighborhood  of  the  computed 
characteristic  frequency  so  sample  filters  can  be 
made,  in  order  to  determine  the  actual  measured 
frequency  which  must  be  attained  to  realize  the 
filter  objective. 

The  empirical  determination  of  blank  frequency 
has  to  be  made  because  the  characteristic  frequency 
of  the  blank  is  generally  not  observed  in  a  blank 
frequency  measurement.  What  is  usually  observed  is 
the  frequency  of  a  crystal  controlled  oscillator  in 
which  the  unelectroded  crystal  wafer  is  positioned 
in  an  electrode  structure  of  distressingly  incon- 


Atanasoff  and  Hart  (4]  in  their  1941  paper 
observe  that  "...  no  easy  exact  theory  of  the  vibra¬ 
tions  of  a  finite  plate  is  possible  ...".  Their 
measurement  strategy  was  to  use  very  high  overtones. 
The  argument  from  physical  intuition  which  led  to 
this  strategy  was  that  the  more  nodal  surfaces  were 
stacked  between  the  major  surfaces,  the  more  closely 
those  nodal  surfaces  would  have  to  lie  in  planes  and 
and  the  more  nearly  they  would  have  to  be  equally 
spaced,  parallel  to  each  other  and  parallel  to  the 
major  surfaces.  Koga  had  already  showed  that  when 
the  phase  surfaces  of  the  acoustic  standing  wave  are 
parallel  to  the  surfaces  of  the  plate  the  overtones 
are  integrally  related.  By  measuring  on  very  high 
overtones  (up  to  the  87th  in  thickness  and  the  263rd 
latterally)  they  were  able  to  demonstrste  that  the 
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ratio  of  the  frequency  to  the  overtone  order  became 
a  constant.  They  took  this  constant  to  be  the 
characteristic  frequency. 

At  about  the  same  time  Sykes  [S]  and  McSkimin 
(6]  were  developing  their  powerful  expression  for 
the  frequencies  of  a  rectangular  prism  of  quartz  in 
body  shear.  This  formula,  published  just  two  years 
after  the  Atanasoff  and  Hart  paper,  has  given  results 
which  are  found  quite  accurate.  While  the  formula  is 
not  exact,  it  Is  remarkably  accurate  and  quite  easy. 

It  is  readily  shown  to  be  consistent  with  the 
Atanasoff  and  Hart  method  and  result  at  high  over¬ 
tones,  while  its  principal  and  well-tested  application 
has  been  at  low  orders  of  overtone  and  enharmonic 
index. 

The  Sykes-McSkimln  equation  for  the  antiresonant 
frequencies  of  an  At-cut  crystal  plate  is: 


where  X  and  Z  are  the  edge  dimensions  of  the  plate 
along  the  x  and  z'  axes  respectively  and  t  is  the 
thickness  of  y'  dimension.  Simple  algebraic 
manipulation  yields: 


This  is  identified  to  be 


which  is  confirmed  by  substituting  1,  0,  0  for  m,  n, 
p  respectively  in  (1) . 


The  frequency  f,Q(.  is  the  characteristic 
frequency  sought.  The  measured  frequency  is  the 
frequency  resulting  from  the  interaction  of  the  wafer 
of  antlreaonant  frequency  f  and  the  measuring 
circuit.  It  is  a  simplification  even  to  look  on  f 
as  accurately  measurable.  Nevertheless,  in  order  mn*> 
to  do  things  in  a  reasonable  order  and  keep  ideas 

simple,  it  is  useful  to  treat  f  as  accessible. 
r  .  mnp 

In  any  case: 


The  fractional  error  in  this  approximation  is 
Itself  approximated  by 
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which  must  be  minimized.  Stated  simply,  numerators 
are  to  be  made  small  and  denominators  are  to  be  made 
large  in  order  to  minimize  the  error.  The  condition 
n  *  p  •  o  is  the  Koga  condition  of  planar  phase  sur¬ 
faces  parallel  to  the  major  surface  of  the  wafer. 

This  cannot  occur  in  a  finite  wafer;  the  minimum  value 
of  n  is  unity  in  a  practical  wafer.  Recast  for 
emphasis,  (5)  becomes 


!  V-*  CU  •  1  CU  1 


(5a) 


and  the  justification  of  the  measurement  at  high 
overtones  is  displayed,  extracted  from  the  Sykes- 
McSkimin  equation. 


To  make  f  /m  be  as  accurate  an  estimate  as 
possible  of  f ^Q^IRvolves  three  independent  elements: 

1)  Make  m  as  large  as  possible  by  measuring 
on  the  highest  practicable  harmonic  mode. 

2)  Make  n  and  p  as  small  as  possible.  This 
means  to  measure  the  lowest  frequency  member  of  the 
enharmonic  sequence  associated  with  the  overtone. 

This  is  usually  what  is  measured  in  a  naive  setup,  but 
pitfalls  exist.  The  resonator  should  be  swept  and  the 
lowest  response  of  the  sequence  identified,  even  if  it 
has  only  a  small  response. 

3)  Make  the  X  and  Z  dimensions  of  the  blank 
be  as  large  as  possible.  In  principle  this  means  to 
perform  final  preparation  of  the  major  faces  of  the 
wafer  prior  to  final  dimensioning. 


Measurement  of  an  Unelectroded  Wafer 


The  accepted  equivalent  circuit  for  the 
sequence  of  "main"  responses  of  a  crystal  is  given: 
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Fig.  1 

where  a  is  written  for  the  reciprocal  of  the  conven¬ 
tional  ratio  of  the  capacitances,  r  .  This  circuit 
correctly  displays  that  the  capacitance  ratio  varies 
as  the  square  of  the  overtone  order.  It  does  not, 
however,  display  correctly  that  the  harmonic  sequence 
related  by  integer  ratios  is  of  the  antlresonant 
frequencies.  This  circuit  model  implies  Incorrectly 
that  the  series  resonant  frequencies  are  harmonically 
related.  The  model  does,  account  correctly  for  the 
spacing  of  the  series  and  antlresonant  frequencies. 

It  turns  out  that  this  is  exactly  what  we  require  of 
the  model. 

When  a  crystal  plate  is  operated  in  an  air  gap 
holder,  the  air  gap  constitutes  a  parallel  plate 
condenser  in  series  with  the  crystal,  leading  to  this 
equivalent  circuit  for  a  blank  in  a  test  fixture: 
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The  antiresonant  frequency  of  the  wafer  is  still  the 
focus  of  attention,  but  is  inaccessible  for  measure¬ 
ment  with  practical  equipment.  At  the  blank's  anti¬ 
resonant  frequency  the  impedance  of  the  circuit  is 
high.  Crystal  impedance  meters  and  pi  section  trans¬ 
mission  sets  look  at  the  low  impedance  condition  of 
the  equivalent  circuit.  Other  oscillator  types  look 
at  some  intermediate  impedance  condition  and  at  a 
frequency  between  these  two  frequencies. 

The  equivalent  circuit  of  Figure  1  has  resonant 
frequencies: 
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The  equivalent  circuit  of  Figure  2  has  resonant 
frequencies: 
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Cg  must  be  made  small.  In  terms  of  structure  of  the 
test  fixture,  the  air  gap  must  be  the  maximum  prac¬ 
ticable  length. 

Naively  one  might  be  tempted  to  try  a  small 
electrode  in  order  to  decrease  y.  While  it  is  true 
that  this  would  decrease  C  ,  it  would  not  decrease 
y  as  the  value  of  C  would  also  be  decreased.  C  is 
the  capacitance  of  ?hat  portion  of  the  blank  excited 
by  the  electric  field  of  the  electrodes.  The  air  gap 
electrodes  should  remain  sensibly  the  size  of  the 
wafer.  Bridge  circuitry  can  be  devised  to  use 
electrodes  much  larger  than  the  blank  without  loss  of 
accuracy  or  sensitivity.  Perhaps  a  theory  of  measure¬ 
ment  of  equal  power  can  be  developed  for  an  electrode 
of  small  (vanishing)  area.  Such  is  not  attempted  in 
this  study. 

So  far  this  study  has  looked  at  the  procedure  of 
Atanasoff  and  Hart  in  terms  of  models  not  used  by 
them  and  verified  that  these  models  afford  their 
method  the  validity  they  postulated  and  demonstrated 
for  it.  In  the  process  an  algebraic  model  has  been 
created  and  in  that  algebraic  model  is  buried  a 
happy  surprise. 

Direct  Measurement  of  the  Characteristic  Frequency 

The  frequency  of  a  plate  is  always  higher  than 
the  characteristic  frequency.  The  relationship  is 
derived  from  (1) 


The  frequency  f  is  seen  to  be  the  antlresonant 
frequency  of  the  blank  both  in  and  out  of  the  gap. 

We  wish  to  consider  f  while  f  is  available  for 
ready  measurement.  T?e  ratio  ofthese  is 
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which  with  manipulation  reduces  to 


f 

®"P 

f 

moo 


(11) 


The  principal  resonance  of  a  blank  is  identified 
by  Sykes  [5]  to  be  f  ...  Van  Dyke  [7]  illustrates 
the  110  mode  of  a  rectangular  plate  in  a  3-dimensional 
map  of  measurements  made  on  an  actual  plate.  Thus  the 
principal  mode  is  given  by: 
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(12) 
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^rm  v  l+m^(l+y)/o  ® 

Using  the  measured  frequency  f  as  an  approxima¬ 
tion  of  the  wafer's  antlresonant  frequency  has  a 
fractional  error  of  approximately 
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(10) 


The  resonant  frequency  of  the  combination  of 
blank  and  air  gap  test  fixture  is  always  lower  in 
frequency  than  the  frequency  of  blank  (anti)  resonance. 
The  relationship  is  given  by: 
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For  small  y  and  large  m  this  approaches 


The  error  in  determination  of  f  Incurred  by 
measuring  f  is  minimized  by  measuring  on  the  highest 
practicable  overtone.  Since  the  error  is  nearly 
proportional  to  y,  minimizing  y  minimizes  the  error. 


Remembering  that  f  and  f  ..  are  both  symbols 
in  their  own  models  fora¥he  antlresonant  frequency  of 
the  finite  plate  on  the  lowest  member  of  the  sequence 
of  enharmonlcs  associated  with  the  m-th  thickness 
mode,  it  la  recognized  that  f  and  f  . .  are  identi¬ 
cally  equal.  It  is  furthermore  significant  that  the 
characteristic  mode  frequency  f___  ■  ■^inn  lower 
in  frequency  than  f^j-  and  that  the  measured  frequency 

f__  is  lower  in  frequency  than  f  . 
rm  '  am 
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If  we  divide  (12)  by  (9)  there  results: 
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(13) 


and  if  it  is  possible  to  create  in  a  practical 
measurement  situation  condition*’  to  make  the  radical 
evaluate  to  unity,  then  the  measured  frequency  f 

will  equal  f  ,  the  desired  mode  characteristic 

~  moo 

frequency. 

The  radical  becomes  unity  If  the  Increments  of 
the  numerator  and  denominator  are  equal,  l.e..  If: 


l+m2(l+Y )/o  m2X2C£6 


Solved  expllcity  for  y,  (14)  yields: 


(14) 


Defining: 

r 

(15)  may  be  rewritten: 

Y  “(l+o/m2)Yo 


(15) 


(16) 


(17) 


Thus,  to  the  accuracy  of  our  model,  when  this 
value  of  Y  Is  achieved  In  a  practical  test  configura¬ 
tion  the  characteristic  frequency  can  be  measured 
directly. 

Application  to  the  Design  of  Air  Gap  Fixtures 

An  air  gap  fixture  Is  made  with  a  tlxed  gap  g 
which  in  operation  contains  a  crystal  of  thickness  t 
with  a  residual  air  gap  length  l,  so  that 

g  -  1  +  t 

The  capacitance  of  the  blank  Is  given  by  the  formula 

Co  ■  e22  ^ 

while  that  of  the  gap  Is 

C  -  t  A/l 
8  0 


Since  the  areas  of  the  electrodes  and  the  blank  are 
equal. 
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The  ratio  c^/eola  known  as  the  "specific  Inductive 
capacity"  or  relative  dielectric  constant  of  quartz, 
c .  Hence 

Y  -  t/el  (18) 

and  the  gap  becomes 

g  -  1  +  t  -  t(l+l/eY)  (19) 

In  terms  of  the  blank  dimensions 


t(l+o/m2) 
numerical  Values 


Only  a  few  constants  are  required  to  convert 
these  relationships  to  design  equations. 

The  elastic  constants  are  the  appropriately 
rotated  and  stiffened  constants.  The  values  for  AT- 
cut  quartz  are: 

C'x  -  110. 602 (10) 9 

C£6  -  29.350(10)9 

The  relative  dielectric  constant  is  not  truly  a  con¬ 
stant,  as  quartz  has  different  dielectric  constants 
along  and  perpendicular  to  Z.  The  entire  range  is 
only  some  22.  The  entire  family  of  body  shear 
crv.itals  with  cubic  temperature-frequency  character¬ 
istics  is  found  in  a  band  of  6  between  33.25°  and 
35.5°  and  the  range  of  dielectric  constant  for  this 
entire  class  of  cuts  is  less  than  0.075%  wide,  which 
compares  closely  with  the  accuracy  of  the  best  value 
of  any  constant  known  for  AT-cut  quartz.  The  entire 
range  of  e  is  calculated  to  lie  between  4.497  and 
4.500.  The  value  4.500  will  be  used  for  e. 

The  ratio  of  the  capacitances  is  determined  by 
a  method  due  to  Bechmann  as  exploited  by  Sauerbrey 
[8].  Starting  with  a  known  or  assumed  amplitude 
distribution  across  the  entire  resonator  one  performs 
certain  integrations  and  computes  a  motional  capac¬ 
itance.  The  dependence  motional  capacitance  on  enhar¬ 
monic  order  is  thus  displayed,  and  of  the  capacitance 
ratio.  The  mode  of  resonance  has  indices  1,  1,  0 
which  is  shorthand  for  a  distribution  which  varies  as 
a  half  cycle  of  a  cosine  function  along  X  and  is  con¬ 
stant  along  Z. 

Performing  the  integrations  one  extracts  a  ratio 
2 

/  «  * 

rcll0cl00  *  8 

which  combines  with  a  best  value  for  r  of  159.4 
to  produce  a  value  for  rclgQ  of  196.7.Tne  reciprocal 
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of  this  value  is  what  we  have,  been  calling  a 
a  -  5.084(10)"3 


Since  the  frequency  constant  for  the  characteristic 
frequency  is  1.660(10)6  Hz  mm  the  X/t  ratio  is  calcu¬ 
lable  by  the  formula 

X  .  fx(10)~6  ( 

t  1.660  ' ’ 


where  f  is  the  frequency  in  Hz  and  X  is  the  x  dimen¬ 
sion  in  millimeters.  If  X  is  measured  in  inches  then 
the  frequency  constant  is  65.35(10)3.  gy  this  re¬ 
lation  the  X/t  ratio  is  obtainable  to  an  accuracy  of 
four  digits  or  to  the  accuracy  of  measurement  of  X 
(whichever  is  less)  even  though  direct  measurement 
of  t  to  this  kind  of  accuracy  is  impossible. 

Using  these  numerical  values  the  formula  for 

Y  becomes : 
o 


have  to  be  able  to  make  the  system  work.  Furthermore, 
when  working  in  actual  numbers  and  real  dimensions  in 
millimeters  or  inches  we  only  know  numbers  to  four 
digits.  On  this  basis  we  cannot  do  better  than  sev¬ 
eral  hundred  parts  per  million  in  any  number,  includ¬ 
ing  f'.  While  it  is  not  a  foregone  conclusion  that  a 
measurement  of  a  blank  of  f'  will  be  within  500  ppM 
of  its  true  characteristic  frequency,  we  are  discuss¬ 
ing  how  to  try  to  make  it  so. 

To  clarify  the  matter  further,  Figure  4  displays 
the  way  the  characteristic  frequency  falls  between 
f  ^  and  f  ^  while  Figure  6  (which  can  be  obtained 
from  Figures  3  and  4)  displays  the  way  the  measured 
frequency  f  .  falls  between  the  same  limits.  These 
limits  for  tne  blank  are  separated  by  2540  ppM. 

From  these  curves  guidance  can  be  found  properly  to 
proportion  the  gap  to  measure  the  gauge  blank  to  the 
requisite  accuracy. 

"Exact"  and  Approximate  Forms 

Because  these  various  constants  are  known  for 
quartz  only  to  four  digits  accuracy,  no  direct 
numerical  value  can  be  calculated  to  better  than  four 
digits.  Careful  examination  of  the  limitation  of 
significant  digits  shows,  for  example,  that  the  cal¬ 
culated  values  of  y greater  than  1  can  have  only  three 
significant  digits.  The  entire  plot  of  Figure  3  is 
in  no  more  than  three  digits  of  detail  and  the  multi¬ 
plier  (l+o/m^)  of  (17)  differs  from  unity  only  in  the 
fourth  digit  at  most.  Thus  to  the  accuracy  of  the 
plot  y  and  y0  are  indistinguishable  and  Figure  3  can 
contain  no  information  concerning  the  overtone.  For 
this  reason  the  various  curves  of  the  figure  are  not 
subscripted  with  a  naught  though  the  algebraic  ex¬ 
pression  of  (16)  must  be. 


A  plot  of  (24)  is  provided  as  part  of  Figure  3. 
Solutions  exist  for  values  of  X/t  greater  than 
/741.2  so  for  blanks  of  reasonably  conventional 
proportions  it  is  quite  possible  to  construct  an 
air  gap  fixture  in  which  the  frequency  measured  is 
the  characteristic  frequency. 

Also  included  in  Figure  3  are  plots  of 

i/t  -  1/ey  -  1/4. 5y 


g/t  -  (i+t)/t  -  1  +  1/4. 5y  (2 

as  well  as  the  reciprocal  of  (27)  called  f'/f: 


If  in  (14)  attention  is  directed  to  the  denom¬ 
inator  of  the  left  term: 


1  +  in  (1+y) / o  ”  *  C>6 

it  is  seen  that  on  the  fundamental  the  denominator 
will  be  roundly  200  or  more,  on  the  third  overtone 
some  2000,  and  on  the  fifth  overtone  some  5000. 

Going  up  at  the  square  of  the  overtone,  the  seventh 
would  bring  it  to  10000  and  the  ninth  over  16000. 

The  poor  lonely  additive  1  in  that  denominator  is  on 
the  fundamental  only  1/2Z  and  rapidly  shrinks  as  the 
overtone  order  increases.  If  it  is  therefore  disre¬ 
garded  (14)  can  be  approximated: 


f'/f  -  f .5y/(1+4.5y) .  (28) 

The  significance  of  the  ratio  f'/f  is  that  in 
gauging  an  air  gap  it  is  extremely  practical  to  use 
a  quartz  blank.  The  ratio  f’/f  is  just  the  ratio  of 
the  characteristic  frequency  of  the  gauge  blank  to 
that  of  the  blank  to  be  measured.  The  gauge  blank 
has  a  lower  frequency  than  the  work,  hence  a  greater 
thickness,  a  lesser  X/t  ratio  and  a  smaller  air  gap 
for  its  measurement. 
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When  this  is  solved  for  y  there  results: 


Using  an  uncalibrated  air  gap  holder  to  measure 
a  crystal  blank  which  will  be  used  in  turn  to  gauge 
a  critically  adjusted  air  gap  sounds  risky.  It  is 
a  procedure  which  has  to  be  defended  by  its  necessity. 
In  almost  no  other  conceivable  way  can  we  generate 
ths  number  of  precise  gauge  blocks  we  require  to  have 
the  flexibility  to  respond  to  commercial  orders.  We 


which  reduces  with  a  little  more  manipulation  to  (16). 
Thus  from  (29)  we  conclude  that  y*  Y0  and  clarify 


somewhat  the  significance  of  the  multiplier  in  (17). 
To  at  least  a  first  approximation  the  relation  is 
independent  of  overtone  order  and  the  measured  fre¬ 
quencies  on  the  overtones  should  be  very  nearly  re¬ 
lated  as  the  overtone  orders. 

If  the  approximate  value  y0  is  substituted  for 
>  in  (13)  the  sensitivity  of  (13)  to  variation  of  y 
can  be  estimated  without  differentiation.  (Remember 
if  the  complete  value  of  y  is  inserted,  (13)  reduces 
identically  to  unity.)  This  substitution  is  the 
model  of  measuring  a  blank  on  a  low  overtone  in  an 
air  gap  critically  set  for  high  overtones.  When  the 
substitution  is  made  there  results*. 


The  maximum  difference  between  y  and  yQ  occurs 
on  the  fundamental  where  the  difference  is  just  about 
1/2  percent  and  the  maximum  difference  between 
and  fmoo  occurs  likewise  on  the  fundamental. 
Additionally  it  occurs  at  the  smallest  value  of  X/t 
which  was  shown  earlier  to  evaluate  to  /741.2.  When 
*  (32)  is  evaluated  on  the  fundamental  and  at  X/t  = 

27.22  the  result  is  obtained: 


(x  +  _ 

J  1  1-005(741.2 

1  -  2.116U0)"7 
.9999997884 


If  the  air  gap  la  set  for  Instead  of  Y»  the 
error  fn  reading  fioo  is  only  about  -0.2  ppM.  The 
error  In  f300  1®  two  orders  of  magnitude  less. 
Furthermore,  the  ratio  of  the  frequency  measured  on 
the  third  to  that  measured  on  the  fundamental  will 
differ  from  3  by  -0.2  ppM.  And  this  Is  the  worst 
case.  For  all  greater  values  of  X/t  the  difference 
is  even  less.  Now  the  final  statement  of  the  third 
paragraph  above  can  be  made  much  stronger.  In  any 
case  of  practical  measurement  In  a  properly  dimen¬ 
sioned  air  gap  the  overtones  will  be,  to  the  accuracy 
attainable,  related  as  the  overtone  orders. 

However  accurate  or  Inaccurate  the  gauge  blank 
is  can  be  evaluated  by  the  ratio  of  the  measured  fre¬ 
quencies  on  the  fundamental  and  third  overtone.  With 
excellent  blanks  in  a  proper  gap  the  ratio  should  be 
3.  With  this  criterion  at  hand,  gauge  blanks  can  be 
adjusted  with  the  necessary  sensitivity,  repetitively 
setting  the  gaj.  with  the  gauge,  reading  the  crystals 
on  the  fundamental  and  the  third,  then  etching  the 
gauge. 


calibrate  or  verify  the  instrument.  The  only  access 
other  than  this  to  the  characteristic  frequency  known 
to  me  is  through  the  laborious  method  of  Atanasoff 
and  Hart,  a  process  much  more  difficult  to  carry  out 
on  a  plate  only  about  0.15  mm  thick  than  on  their 
blocks  some  50  times  thicker.  In  the  absence  of  a 
blank  of  known  characteristic  frequency  to  measure, 
confirmation  was  sought  in  other  peculiar  phenomena 
predicted  in  the  derived  relationships.  Blanks  are 
available  at  9.5  and  11.3  MHz  with  the  same  major 
dimensions,  and  air  gap  fixtures  have  been  made  to 
accommodate  them.  Measurements  on  these  blanks  using 
adaptations  of  those  fixtures  yielded  results  tending 
to  confirm  the  theory. 

A  half-lattice  was  constructed  in  which  the 
coil  was  a  tunable  autotransformer  with  an  air  gap 
in  one  arm  and  a  balancing  capacitor  in  the  other 
(Figure  5) .  This  device  was  awkward  in  the  extreme 
to  adjust,  but  it  was  possible  to  balance  at  9.5 
and  at  34  MHz,  though  not  simultaneously.  Fifth  and 
seventh  overtone  response  are  to  be  seen  in  blanks 
but  so  far  lattices  well  enough  behaved  to  give 
strong  responses  at  these  overtones  have  not  been 
realized. 


Tunable  Half-Lattice  Fixture 

Measurements  were  made  in  the  HP  8553B  spec¬ 
trum  analyzer.  The  entire  observable  spectrum  of 
the  enharmonic  family  of  interest  is  displayed  in 
the  oscilloscope  presentation.  In  this  way  any 
anomalies  are  displayed  and  the  quality  of  the  meas¬ 
urement  evaluated.  The  marker  built  into  the  gener¬ 
ator  portion  allows  any  particular  characteristic  of 
the  trace  to  be  isolated  and  measured  with  Indicated 
10  Hz  resolution. 

Blanks  were  obtained  at  9.500  MHz  and  11.300 
MHz  having  an  x-dimension  of  0.449"  +  0.001". 

When  this  scanty  amount  of  information  is 
combined  with  (23),  (24),  (26)  and  (27)  we  obtain: 


f 

X/t  t 

Yo 

9.500 

65.42  6.879U0)'3 

0.2095 

11.300 

77.81  5.783(10)"3 

0.1395 

£  f' 

7.297(10)~3  4.610 

9.213U0)-3  4.358 

Experimental  Investigation 

Confirmation  of  this  development  into  hardware  has 
no  practical  problem  of  overwhelming  substance,  but 
there  is  a  problem  of  intellectual  import.  Ideally 
to  verify  the  accuracy  of  an  instrument  one  would 
measure  a  known  sample,  a  "standard",  and  thus 


That  the  gap  is  greater  for  the  higher  fre¬ 
quency  than  for  the  lower  may  come  as  a  surprise. 
(It  did  to  me.)  Certainly  i  must  Increase  with  fre¬ 
quency  since  £  becomes  zero  at  X/t  »  /741.2.  At 
greater  frequencies  the  X/t  ratio  is  greater  than 
the  critical  value  and  £  la  finite  and  monotonlc. 
The  total  gap,  the  sum  of  1  and  t  also  increases. 
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The  gap  was  set  with  a  crystal  naively  meas¬ 
ured  at  4. 515  MHz.  This  made  the  gap  be  long  for  the 
9.5  MHz  blanks,  but  short  for  the  11.3  MHz.  In  con¬ 
sequence  the  load  capacitance  of  the  9.4  MHz  blanks, 
i.e.,  the  gap  capacitance  Cs,  is  toe  low  and  the  fun¬ 
damental  frequency  will  be  measured  high.  The  third 
overtone  frequency  will  be  measured  high  also  but  by 
a  lesser  amount  so  that  the  ratio  of  the  third  fre¬ 
quency  to  the  fundamental  will  be  less  than  3.  Six¬ 
teen  of  the  9-5  MHz  crystals  measured  yielded  an 
average  ratio  of  2.998924  (a  of  0.000653).  Conversely 
the  gap  is  short  for  11.3  MHz.  C8  will  be  large  and 
the  fundamental  frequency  will  be  measured  low.  The 
ratio  of  the  frequency  on  the  third  to  the  frequency 
on  the  fundamental  should  exceed  3.  Fourteen  of  the 
11.3  MHz  crystals  measured  yielded  an  average  ratio 
of  3.001473  (a  of  0.004296). 

These  measurements  were  made  with  the  fixture 
carefully  balanced  at  each  measurement.  The  circuit 
as  realized  could  be  optimized  at  each  frequency  but 
across  the  range  only  a  compromise  could  be  effected. 
When  the  ostensible  best  compromise  was  effected  the 
ratios  measured  in  the  fixture  were  all  below  3. 

This  continues  to  be  the  case  in  all  of  the  more 
convenient  embodiments  of  the  bridge  which  have  been 
devised ■ 

The  results  of  this  careful  set  of  measure¬ 
ments  are  taken  as  constituting  a  substantial  con¬ 
firmation  of  the  validity  of  the  design  equations  for 
the  air  gap. 

The  original  intent  was  to  etch  the  9.5  MHz 
blanks  and  measure  the  ratio  as  the  frequency  of  the 
blanks  approached  that  for  which  the  gauge  blank  was 
correct,  where  the  ratio  would  be  exactly  3.  This 
became  a  frustrated  hope  as  the  relative  activity  of 
interfering  modes  increased  with  the  Increased  smooth¬ 
ness  of  the  surface  with  heavy  etching.  Figures  6 
through  11  illustrate  spectra  on  the  fundamental  and 
third  overtones  showing  the  drastic  effect  of  inter¬ 
fering  modes  on  the  fundamental  spectrum  as  compared 
with  the  overtone.  In  the  etching  the  principal 
fundamental  frequency  passed  ten  even  order  inter¬ 
fering  flexure  overtones  from  80  through  98  [5]. 

Many  other  interfering  modes,  not  Identified,  are 
apparently  present  as  well.  Too  many  measurements 
made  at  the  fundamental  were  contaminated  by  inter¬ 
fering  modes  for  the  ratio  to  be  observably  moving 
montonically  toward  3. 

This  blank  dimension,  originally  chosen  for 
10.7  MHz,  encounters  an  interfering  flexure  close  by 
the  final  etch  frequency  at  both  of  these  used  fre¬ 
quencies,  causing  persistent  in-process  measurement 
problems.  The  spectra  displayed  are  of  a  crystal 
ready  for  electrodlng.  Although  there  is  a  real 
problem  in  deciding  where  the  fundamental  resonance 
occurs,  there  is  no  problem'  at  all  about  the  third; 
the  first  response  is  clearly  displayed.  This  is  no 
doubt  due  to  the  extremely  high  overtone  order  of  the 
Interfering  modes  (now  nearly  the  300th)  where  the  Q 
has  fallen  so  low  as  to  have  no  detectable  effect. 

The  resonance  peak  is  only  a  third  as  wide  as  the 
fundamental,  making  the  determination  of  its  maximum 
absolutely  3  times  and  relatively  9  times  as  precise. 
As  a  consequence  these  blanks,  so  hard  to  read  on  the 
fundamental,  are  readily  read  on  the  third. 

After  a  number  of  attempts  a  final  most 
practical  circuit  configuration  was  adopted  as  shown 
in  figures  12  and  13.  The  resistor  pads  terminating 
the  bridge  allow  the  bridge  to  be  balanced  at  35  MHz, 
which  is  adequate  for  these  measurements.  The  grounded 


gap  electrode  is  the  bottom  one,  allowing  the  fixture 
to  be  used  on  a  metal  bench  top  or  on  wood  without 
effect  on  the  balance.  The  circuit  was  wired  on  a 
board  laid  out  for  universal  application  with  DIP 
Integrated  circuits.  The  excess  conductors  Introduce 
stray  capacitance  and  narrow  the  band  over  which  the 
bridge  is  balanced.  A  special  board  would  permit  the 
same  quality  of  balance  to  even  higher  frequency. 

Some  Final  Practicalities 

To  this  point  the  entire  discussion  haB  been 
directed  to  making  the  characteristic  frequency 
observable.  This  is  an  undertaking  of  more  signif¬ 
icance  in  the  development  laboratory  than  in  a 
strictly  production  environment.  The  production 
measurement  must  be  readily  made  and  reproducible, 
but  does  not  have  to  be  of  the  characteristic  fre¬ 
quency  itself.  An  offset  once  determined  can  relate 
the  readily  made  reading  to  the  designed  frequency. 

Thus  it  is  possible  with  a  single  adjustment 
of  the  bridge  to  measure  the  9.5  and  11.3  MHz  blanks 
on  their  third  overtone  with  discrepancies  of  only 
about  5  ppM  at  both  frequencies  referred  to  the  read¬ 
ing  with  the  fixture  setup  most  perfectly ■ 

Even  more  simplification  is  possible.  Return¬ 
ing  to  the  original  ideas  at  the  beginning  of  the 
paper,  the  tuning  curve  with  air  gap  length  can  be 
sketched  as  shown  in  Figure  14.  The  three  identified 
frequencies  fc,  fa  and  fs  are  the  characteristic 
frequency,  the  Sykes-McSkimin  or  antlresonant  fre¬ 
quency  and  the  series  resonant  frequency,  respectively, 
of  a  blank.  The  curve  displays  the  series  resonant 
frequency  of  the  crystal  and, gap  as  the  gap  grows 
without  limit.  The  theoretical  development  of  thiB 
paper  dealt  with  the  identification  of  the  condition 
where  this  frequency  equals  the  characteristic  fre¬ 
quency. 

If  the  criterion  can  be  relaxed  to  demand  only 
that  the  reading  be  highly  reproducible,  the  figure 
illustrates  that  the  sensitivity  of  the  reading  to 
errors  in  the  setting  of  the  gap  decreases  with  in¬ 
creasing  gap  length-  The  reproducibility  of  measure¬ 
ment  of  a  frequency  above  the  characteristic  frequency 
is  superior  to  the  characteristic  frequency  itself. 

Of  course  the  coupling  is  reduced  by  increasing  the 
gap  and  at  some  gap  length  becomes  too  small.  The 
practical  consideration  is  to  use  the  longest  gap 
circumstances  will  allow.  This,  combined  with  the  9 
times  improvement  in  using  the  third  overtone,  allows 
very  reproducible  readings  to  be  made  quite  readily. 

With  the  spectrum  analyzer  the  gap  may  be  50 
or  more  times  the  crystal  thickness  and  still  the 
crystal  be  read  with  ease.  Additionally  the  spectrum 
analyzer  is  at  least  11/2  times  as  fast  as  the  crystal 
Impedance  meter.  This  equipment  is  not  commonly  found 
in  crystal  factories,  however,  and  it  is  not  the  in¬ 
tent  to  give  the  impression  that  it  is  indispensable. 

In  most  instances  third  overtone  readings  made  in  the 
crystal  impedance  meter  with  the  longest  gap  which  will 
allow  oscillation  will  be  as  reproducible  as  the  pro¬ 
duction  shop  will  find  needed.  The  bridge  network, 
excited  like  any  other  transmission  test  set,  allows 
the  direct  calibration  of  the  offset  of  the  oscillat¬ 
ing  measurements. 

Conclusion 

The  characteristic  frequency  of  a  rectangular 
AT-cut  blank  has  been  made  accessible  to  measurement. 
Simultaneously  the  practical  blank  measurement  problem 


11* 


has  been  illuminated  leading  to  proposals  of  method 
which  can  simplify  or  improve  the  reproducibility  of 
production  measurements. 
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Figure  6:  Spectrum  illustrating  interfering  flexure 
modes.  No.  84  interferes  with  the  fundamental  main 
response  while  82  is  visible  to  the  left.  The  other 
mode  shown  is  unidnetif ied. 


Illustrations 


Figure  7:  Expanded  spectrum  of  the  main  response  of 
the  blank  in  Figure  6. 


Figure  3:  Air  Gap  Design  Parameters. 
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Figure  3:  Further  expansion  showing  complexity  where 
the  main  response  peak  belongs. 


Figure  11:  Spectrum  of  the  third  overtone  of  the  blank 
of  Figure  10  displaying  the  clean  trace  of  the  main 
response . 


Figure  12:  Bridge  Network  -  Final  Version.  All  re¬ 
sistors:  51.i  1/8  watt;  Transformer;  Mini  Circuits 

Laboratory  Model  T4-1. 


Figure  9:  Spectrum  of  the  third  overtone  of  the  same 
blank  displaying  the  clean  trace  of  the  main  response. 


Figure  10:  Spectrum  displaying  destruction  of  the 
fundamental  main  response  by  an  interfering  mode. 
This  blank  cannot  be  made  to  oscillate  in  a  crystal 
impedance  meter. 


'Figure  14:  Measured  frequency  frj  Interpolated  between 
f  ,  and  f  cf.  Figure  4. 
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Summary 

Two  measurement  methods  have  been  adopted  for  the 
evaluation  of  raw  quartz  for  resonator  use,  one  of 
which  Is  based  on  the  measurement  of  absorption  rate 
of  the  infrared  ray  of  the  specified  wavelength  and 
the  other  Is  based  on  the  Q-value  measurement  of  a  5th 
overtone  5  MHz  planoconvex  AT-cut  plate  with  the  speci¬ 
fied  shape  and  angle  of  cut.  The  former  method  is 
simple  and  convenient  but  Is  of  the  Indirect  presump¬ 
tion  of  elastic  vibration  loss  of  the  quartz  under 
test  through  the  absorption  rate.  In  the  latter 
method,  there  must  be  a  requisite  that  the  measurement 
loss  does  not  Include  any  loss  except  elastic  vibration 
loss  In  the  quartz.  However,  this  requisite  seems  not 
to  be  satisfied  because  of  the  complex  structure  of  the 
resonator.  As  a  result,  resonators  fabricated  by  dif¬ 
ferent  makers  using  the  Identical  raw  quartz  show  dif¬ 
ferent  measurement  values  from  maker  to  maker.  There¬ 
fore  some  improvements  are  required  for  a  reliable 
measurement  of  Intrinsic  loss. 

Our  method  is  also  based  on  the  measurement  of 
the  Q-value  of  a  resonator  made  from  the  raw  quartz 
under  test,  however,  to  meet  the  requisite,  a  slim 
-18.5"  cut  Y-bar  resonator  was  used.  We  measured  the 
Q-value  of  the  resonator  mounted  in  the  specially  de¬ 
signed  holder  supporting  the  nodal  line  of  motion 
placed  on  a  very  narrow  metal  pillow,  and  examined  ex¬ 
perimentally  influences  on  the  Q-value  of  all  extrinsic 
losses  due  to  the  coupling  with  spurious  modes,  the 
lapped  and  polished  layer,  the  support,  the  exciting 
electrodes,  the  acoustic  radiation  to  peripheral  gas 
and  the  contamination  on  surfaces.  And  we  made  clear 
the  necessary  conditions  under  which  all  extrinsic 
losses  can  be  ignored.  We  confirmed  that  the  Q-value 
measured  under  the  above-mentioned  conditions  indicated 
only  the  intrinsic  vibration  loss  in  the  quartz.  Ac¬ 
cording  to  this  method,  the  resonators  manufactured  by 
different  makers  using  the  identical  quartz  give  ap¬ 
proximately  the  same  results.  The  elastic  vibration 
loss  of  the  quartz  cultured  in  different  processes  can 
also  be  discriminated  through  the  Q-value.  Finally 
some  difficulty  experienced  in  holding  stably  the  res¬ 
onator  on  the  above-mentioned  narrow  pillow  was  elimi¬ 
nated  by  applying  a  new  holder  in  which  the  resonator 
was  supported  at  two  nodal  lines  of  the  2nd  overtone 
mode  by  specially  equipped  two  knife  edges. 

Introduction 

In  this  paper  all  losses  of  crystal  resonator 
having  the  delicate  influences  upon  the  Q-value  are 
classified  first  and  some  explanations  are  described 
about  the  Idea  that  the  quality  of  raw  quartz  for  res¬ 
onator  use  must  be  evaluated  reliably  by  measuring  the 
Q-value  of  a  test  resonator  made  from  that  quartz  If 
the  necessary  conditions  to  ignore  the  other  losses 
except  the  elastic  vibration  loss  in  quartz  crystal  can 
be  found  experimentally  and  kept  very  carefully. 

Then  the  details  of  a  slim  bar  crystal  resonator 
for  this  purpose  and  its  special  holder  to  be  able  to 
keep  the  conditions  described  are  explained.  After 
that,  each  characteristic  of  the  losses  except  the 
inherent  loss  in  quartz  crystal  Is  studied  and  the 


necessary  conditions  to  be  able  to  ignore  such  losses 
practically  are  found  mainly  by  experiments. 

The  measured  Q-values  of  the  test  resonators  made 
from  some  raw  quartz  cultured  In  different  processes 
are  shown  and  referring  to  the  good  correlation  between 
their  Q-values  and  culturing  processes,  the  quality  of 
quartz  for  resonator  use  Is  evaluated  reliably  by  the 
proposed  method.  At  the  end  of  this  paper  an  Improve¬ 
ment  of  this  method  is  described. 

Losses  of  Crystal  Resonator 

As  uLi  of  a  given  crystal  resonator  Is  constant, 
the  Q-value  depends  on  its  Rt  resulted  from  total 
losses  of  the  resonator,  where  Ri  is  the  resistance  of 
motional  arm  in  the  equivalent  circuit  of  crystal  res¬ 
onator. 

Ri  can  be  divided  into  various  components  as  fol¬ 
lows. 

Rj  —  Rsi  +  Ra  +  R«  +  Rh  +  Re  +  Rr  +  He  , 

where  Rj,  1b  a  component  resulted  from  the  elastic  vi¬ 
bration  loss  in  quartz  crystal, 

Rs  Is  a  component  resulted  from  the  loss  caused 
by  the  coupling  with  spurious  vibration, 

R,  ii  a  component  resulted  from  the  elastic  vi¬ 
bration  loss  in  the  lapped  and  polished  layer 
of  resonator, 

Rh  is  a  component  resulted  from  the  elastic  vi¬ 
bration  loss  due  to  the  holding  of  resonator, 
Re  is  a  component  resulted  from  the  elastic  vi¬ 
bration  loss  in  the  plated  metal  electrodes, 

Rr  is  a  component  resulted  from  the  elastic  vi¬ 
bration  loss  radiated  into  peripheral  gas, 

Rc  is  a  component  resulted  from  the  loss  caused 
by  the  contamination  left  on  the  surfaces  of 
resonator. 

As  the  Q-value  also  depends  on  these  resistance 
components,  it  is  necessary  that  Rs.Fw.Rh.Rg.Rf  and  Rc 
should  be  so  small  as  to  be  ignored  comparing  with  Rg, 
in  order  to  evaluate  the  quality  of  raw  quartz  for  res¬ 
onator  use  by  measuring  the  Q-value  of  a  test  resonator 
made  from  that  raw  quartz.  In  other  words,  total  Ri 
must  be  only  Rg,  effectively. 

Test  Crystal  Resonator 

A  -18.5"  cut  slim  Y-bar  crystal  resonator  with 
rectangular  cross  section  shown  In  Flg.l  Is  used  as  a 
test  resonator.  The  vibrational  mode  of  this  resonator 
is  well  knovn  and  the  nodal  line  of  the  fundamental 
longitudinal  vibration  exists  at  the  center  of  the 
length  and  lies  exactly  perpendicular  to  the  direction 
of  the  length. i 

For  convenience  of  fabrication  of  a  test  resonator 
from  the  quartz  crystal,  a  resonator  with  geometry  of 
xo*»2.3  mm  and  yoh25  mm  Is  chosen  and  applying  z«/ yo*0.1 
as  an  adequate  dimension’s  ratio  without  any  spurious 
vibration  in  a  mode  chart,  z«h2.5  mm  Is  also  deter¬ 
mined.  The  resonance  frequency  of  this  resonator  is 
about  100  kHz. 
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Special  Holder  for  Test  Resonator 

A  gap  Cype  holder  for  a  test  resonator  Is  prepared 
and  Its  schematic  construction  is  shovn  in  Fig. 2. 

The  nodal  line  of  the  resonator  is  set  exactly 
upon  a  narrow  metal  pillow  equipped  at  the  center  of 
the  lower  electrode.  Figure  3  shows  this  special  lower 
electrode  with  a  very  narrow  pillow. 

This  holder  for  the  new  evaluating  method  can  also 
be  used  to  investigate  experimentally  the  complicated 
influences  which  the  above-mentioned  various  losses 
have  upon  the  Q-value  of  a  test  resonator. 

Characteristics  of  Various  Losses  except  the  Loss 
In  Raw  Quartz  and  Necessary  Conditions 
to  Ignore  such  Extrinsic  Losses 

(1)  Loss  caused  by  Coupling  with  Spurious  Vibration 

As  the  Q-value  of  the  vibration  coupled  with  other 
mode  decreases  as  the  Increase  of  its  coupling  effect, 
the  existence  of  such  a  coupled  spurious  vibrational 
mode  must  be  checked  carefully. 

As  the  shape  and  dimentions  of  a  test  resonator 
for  this  method  are  chosen  adequately  from  a  mode 
chart,  any  coupled  spurious  vibration  does  not  exist. 
Therefore  the  resistance  component  R8  resulted  from  the 
loss  caused  by  the  coupling  effect  can  be  ignored. 

(2)  Elastic  Vibration  Loss  caused  by  Lapped  and 
Polished  Layer  of  Resonator^ 

As  the  elastic  wave  traveling  in  a  resonator  is 
attenuated  on  its  reflecting  surface  with  a  lapped  and 
polished  layer,  such  a  layer  must  be  taken  away  from 
the  surface  of  the  resonator  sufficiently  to  suppress 
the  attenuation  of  the  wave.  Figure  4  shows  the  detail 
of  structure  of  lapped  layer  enlarged  by  means  of  ob¬ 
lique  cutting  method.  The  depth  of  such  a  layer  is 
found  to  be  about  1/3  of  the  mean  diameter  of  abrasive 
by  the  authors'  fundamental  Investigation  concerned 
with  the  worked  layer  of  crystal  plate.3 

Figure  5  shows  an  example  of  lapping  and  polishing 
processes  based  on  such  an  investigation.^  By  using 
fine  abrasive  step  by  step,  following  this  process,  the 
lapped  layer  becomes  very  thin  and  the  final  polished 
layer  is  taken  away  by  adequate  etching.  Then  the  de¬ 
sirable  good  surface  on  which  any  worked  layer  seems 
not  to  exist  can  be  obtained. 

In  this  study  only  four  side  planes  of  a  test 
crystal  resonator  were  lapped  by  some  abrasives  with 
different  diameters  at  first,  and  measuring  its  Q-value 
one  by  one  the  relation  between  the  Q-value  and  the 
mesh  number  of  abrasive  was  examined. 

Figure  6  shows  its  experimental  result.  The  curve 
of  the  Q-value  goes  up  and  saturates  gradually  with  the 
Increase  of  mesh  number  and  the  Q-value  of  the  resona¬ 
tor  lapped  with  #3000  abrasive  reaches  about  twice  as 
large  as  that  of  #800. 

After  this  experiment,  the  four  side  planes  were 
lapped  more  with  #5000  abrasive  and  polished.  And  then 
the  both  end  planes  of  a  resonator  were  also  polished. 
In  this  case  the  Q-values  more  increased  about  twice 
and  two  and  half  times  as  large  as  that  of  #3000  abra¬ 
sive  shown  in  Fig. 6,  respectively. 

The  above-mentioned  experimental  results  show  two 
Important  facts.  One  of  them  is  that  even  the  worked 


layer  with  extremely  thin  depth  comparing  with  the  wave 
length  of  100  kHz  elastic  vibration  has  severe  in¬ 
fluence  on  the  Q-value  of  the  resonator  and  especially 
the  lapped  layer  of  four  side  planes  which  seems  not 
to  be  Important  in  reflecting  the  elastic  wave  has  un¬ 
expectedly  large  Influence  on  the  Q-value  of  the  res¬ 
onator.  The  other  is  that  the  worked  layer  must  be 
taken  away  sufficiently  by  lapping,  polishing  and  ade¬ 
quately  etching  all  6  surfaces  of  the  resonator  fol¬ 
lowing  a  systematic  process  in  order  to  Ignore  the 
loss  caused  by  worked  layers  in  this  method. 

(3)  Elastic  Vibration  Loss  due  to  Holding  of  Resonator^ 

A  resonator  can  be  held  stably  at  the  nodal  part 
of  the  vibration  of  Interest.  However,  a  little  vi¬ 
bration  energy  seems  to  leak  through  the  holding  part 
practically  and  Rh  component  resulted  from  such  energy 
loss  reduces  the  Q-value  of  the  resonator. 

In  this  study  a  test  resonator  was  put  exactly  at 
its  nodal  line  on  a  metal  pillow  with  various  kinds  of 
width  such  as  1,  0.5,  0.2,  and  0.1  mm,  and  measuring 
the  Q-value  in  each  case  the  relation  between  the  Q- 
value  and  the  width  of  pillow  was  observed.  Figure  7 
shows  this  experimental  result. 

The  Q  curve  goes  up  gradually  with  the  reduction 
of  pillow  width  and  Qho  which  corresponds  to  the  Q- 
value  without  any  holding  loss  or  in  case  of  Rj,-0  can 
be  obtained  as  28.3*10".  As  the  measured  Q-value  in 
0.1  mn  pillow  width  is  27.2*10",  and  its  deviation 
from  Qho  is  small  and  only  about  -41,  the  measured  Q- 
value  in  0.1  mm  pillow  width  seems  to  be  used  as  Qho* 

In  the  experiment  the  difficulty  to  measure  the 
Q-value,  holding  the  resonator  stably,  was  often  ex¬ 
perienced.  In  order  to  eliminate  such  difficulty  and 
ignore  the  holding  loss  more  sufficiently  an  improve¬ 
ment  of  the  holder  was  tried  later. 

(4)  Elastic  Vibration  Loss  in  Plated  Metal  Electrodes 

The  ohmic  loss  in  the  plated  metal  electrode  with 
adequate  thickness  can  be  ignored  practically.  How¬ 
ever,  some  elastic  vibration  loss  can  not  be  Ignored 
generally  and  its  loss  reduces  the  Q-value  of  resona¬ 
tor. 

In  this  method,  the  gap  type  metal  plate  elec¬ 
trodes  were  used  regarding  the  fact  that  the  elastic 
vibration  loss  in  plated  metal  electrodes  was  related 
compllcatedly  with  the  thickness  and  structure  of  metal 
film.  Therefore  the  above-mentioned  loss  needs  not  to 
be  taken  into  account  and  Re  seems  to  be  ignored  prac¬ 
tically. 

(5)  Elastic  Vibration  Loss  radiated 
into  Peripheral  Gas^ 

This  loss  also  reduces  the  Q-value  of  a  resonator. 
In  this  study  the  relation  between  the  Q-value  and  the 
peripheral  air  pressure  was  investigated  setting  a  test 
resonator  mounted  in  the  holder  in  a  vacuum  bell  jar. 
Figure  8  shows  the  experimental  result. 

Qro  in  vacuum  or  in  case  of  Rr-0  can  be  obtained 
as  8.2x10"  at  the  crossing  point  of  the  measured  curve 
and  the  ordinate,  and  this  value  is  very  near  to  the 
measured  Q-value  of  7.94x10"  in  3  Torr  and  its  devia¬ 
tion  rate  is  only  about  +3Z.  In  other  words  the  loss 
radiated  into  peripheral  gas  seems  to  be  almost  Ignored 
practically  in  less  than  3  Torr  of  gas  pressure. 

(6)  Loss  caused  by  Contamination  left  on  Surfaces 
of  Resonator* 


described  In  this  paper  were  kept  carefully. 


This  loss  makes  the  measurement  unstable  and  very 
often  disturbs  the  measurement  of  the  Q-value  of  a 
resonator. 


In  this  method  It  Is  quite  necessary  to  clean  the 
surfaces  of  a  test  resonator  carefully  and  dry  It  suf¬ 
ficiently  to  the  utmost  extent  to  Ignore  Rc  before 
every  experiment. 


alltv  Evaluation  of  Raw  Quartz  for  Resonator  Use 
by  the  Proposed  New  Method^ 


From  some  raw  quartz  crystals  cultured  In  dif¬ 
ferent  processes  of  which  any  Information  was  not  given, 
four  test  resonators  (A,B,C  and  D)  were  prepared  and 
their  Q-values  were  measured  keeping  very  carefully  the 
necessary  conditions  described  before.  The  table  shows 
these  results. 


They  can  be  plainly  classified  into  three  groups 
-  high  group  of  118.3X101*  and  115.7X101*,  medium  group 
of  76.5  10  and  low  group  of  43.0  10  -  and  these  three 

kinds  of  the  Q-value  are  found  to  correspond  respect¬ 
ively  to  the  different  three  culturing  processes  in¬ 
formed  after  the  experiments. 

This  result  seems  to  show  that  the  quality  evalua¬ 
tion  of  raw  quartz  for  resonator  use  can  be  done  re¬ 
liably  by  this  method  if  the  necessary  conditions  de¬ 
scribed  in  this  paper  are  kept  sufficiently. 


Improvement  of  the  Holder^ 


In  order  to  eliminate  the  practical  difficulty  en¬ 
countered  in  making  the  measurement  of  the  Q-value  of  a 
test  resonator  stably,  a  new  holder  was  designed.  This 
holder  is  shown  in  Fig. 9. 


In  this  holder  the  resonator  is  put  stably  at  its 
two  nodal  lines  of  the  2nd  overtone  longitudinal  vi¬ 
bration  upon  specially  equipped  two  knife  edges  with 
the  distance  of  half  length  of  the  resonator. 


The  maximum  Q-value  can  be  measured  by  adjusting 
precisely  the  mutual  position  between  the  resonator  and 
two  knife  edges  by  means  of  mechanical  stage.  As  this 
value  corresponds  to  the  Q-value  in  the  case  which 
holding  loss  can  be  ignored  practically,  the  Q-value 
measured  by  using  this  holder  seems  Co  show  more  re¬ 
liably  the  quality  of  raw  quartz  for  resonator  use. 
Figure  10  shows  the  characteristics  of  the  Q-value  vs 
air  pressure  measured  by  using  the  new  holder.  The 
interesting  thing  is  that  the  high  q-value  of  more  than 
200xl01'  can  be  obtained  in  the  improved  method. 

Conclusion 

Various  kinds  of  loss  of  a  resonator  which  have 
the  delicate  influences  upon  the  Q-value  were  analyzed 
first  and  the  necessary  conditions  to  be  able  to  ignore 
practically  the  losses  except  the  elastic  vibration 
loss  in  quartz  crystal  were  investigated. 

A  simple  -18.5°  cut  slim  Y-bar  resonator  to  eval¬ 
uate  the  quality  of  raw  qi  artz  and  the  specially  de¬ 
signed  gap  type  holder  were  explained.  This  resonator 
has  not  any  spurious  vibration  which  causes  the  cou¬ 
pling  loss  and  the  holder  can  hold  the  resonator  under 
Che  necessary  conditions  which  the  losses  except  the 
loss  in  quartz  crystal  can  be  ignored  practically. 

The  experimental  result  obtained  from  some  raw 
quartz  cultured  in  different  processes  showed  that  the 
quality  evaluation  of  raw  quartz  could  be  done  reliably 
by  this  proposed  method  if  the  necessary  conditions 


As  the  principle  of  this  method  is  very  simple 
and  clear  and  the  measuring  devices  are  also  easy  to  be 
prepared,  the  quality  evaluation  of  raw  quartz  by  this 
method  will  be  useful  in  the  fields  concerned. 
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FIG.  1  TEST  CRYSTAL  RESONATOR 
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SPRING  TO  FIX  HOLDER  - 


UPPER  BRASS  ELECTRODE 


FIG.  2  AIR  GAP  TYPE  HOLDER  FOR  TEST  CRYSTAL  RESONATOR 


DEPTH  OF  LAPPED  LAYER 


FIG.  3  LOWER  BRASS  ELECTRODE  WITH  A  NARROW 
PILLOW  TO  HOLD  CRYSTAL  RESONATOR 


KlO1* 


FIS,  6  RELATION  BETWEEN  0  AND  FINENESS  OF  ABRASIVE 


FIG.  4  LAPPED  LAYER  OF  QUARTZ  CRYSTAL  OBSERVED 
BY  MEANS  of  oblique  cutting  method 


FIG.  5  AN  EXAMPLE  OF  CUTTING,  LAPPING,  POLISHING  AND 
ETCHING  PROCESSES  NOT  TO  LEAVE  WORKED  LAYER 


KlO*1 


FIG.  7  RELATION  BETWEEN  S  AND  WIDTH  OF  HOLDING  PILLOW 
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TEST  CRYSTAL  RESOW! OR 


GLASS  PLATE  WITH  PLATED 
UPPER  ELECTRODE 


PIG.  9  INPROVED  AIR  MP  TYPE  HOLDER  FOR  2«u  OVERTONE 
RODE  OF  TEST  CRYSTAL  RESONATOR 


FIG.  g  RELATION  BETWEEN  0  AND  PERIPHERAL  AIR  PRESSURE 


x  lO*1 


- y. - 1 


v.  -  25.0  m 

*  -  12.5  m  (-  y./2) 

.t  •  6.25  m  C-  v./4) 

f  ♦  200  kHz 


TEST 

RESONATOR 

MEASURED 

O-VALUE 

CULTURING 

PROCESS 

A 

A3.0  x  lO* 

3rd  CLASS 

B 

118.3  x  10“ 

1st  CLASS 

C 

115.7  x  1011 

U 

D 

76.5  x  10" 

2nd  CLASS 

TABLE:  MEASUREMENT  OF  THE  O-VALUES  OF  TEST  RESONATORS  MADE 
FROM  SOME  RAH  QUARTZS  CULTURED  IN  DIFFERENT  PROCESSES 


- AIR  PRESSURE  <T««1 


FIG.  10  RELATION  BETWEEN  0  IN  INPROVED  HOLDER 
AW  PERIPHERAL  AIR  PRESSURE 
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ACOUSTIC  BULK  WAVE  RESONATORS  AND  FILTERS  OPERATING 
IN  THE  FUNDAMENTAL  MODE  AT  FREQUENCIES  GREATER  THAN 
100  MHZ 


Marc  Berte 

Research  Center  THOMSON-CSF 
Domaine  de  Corbeville  91401  ORSAY  -  France 


Summary 

A  localized  ion  beam  milling  has  been  used  for 
increasing  the  fundamental  frequency  of  acoustic  bulk 
wave  resonators.  Monolithic  filters  in  lithium  nioba- 
te  (  Y  +  37°)  and  lithium  tantalate  (X)  operating  res¬ 
pectively  at  220  MHz  and  230  MHz  have  been  realized. 
The  relative  bandwidth  was  equal  to  \Z  and  the  inser¬ 
tion  loss  was  under  5  dB.  An  AT  cut  quartz  resonator 
working  in  the  fundamental  mode  at  270  MHz  with  a  Q 
value  of  14,000  has  also  been  obtained.  In  this  case 
the  vibrating  membrane  was  6  pm  thick  with  a  center 
portion  of  diameter  2.5  mm. 

Key  words  Resonator  ,  Filter,  High  Frequency, 
Quartz,  Lithium  tantalate,  Lithium  niobate.  Ion  beam 
milling. 

Introduction 

The  frequency  of  a  piezoelectric  resonator  de¬ 
pends  upon  the  thickness  of  the  resonant  membrane. 
Using  conventional  processing  technology  the  minimum 
thickness  that  has  been  obtained  with  a  reasonable 
yield  is  about  35  pm  for  quartz.  This  corresponds  to 
a  fundamental  frequency  of  about  50  MHz  for  an  AT  cut. 
Other  piezoelectric  materials  such  as  lithium  niobate 
(LiNbOj)  or  lithium  tantalate  have  been  studied  for 
only  the  past  few  years.  Their  top  limit  frequencies 
are  about  70  MHz.  Piezoelectric  resonators  working 
at  odd  harmonic  overtones  are  used  but  in  this  case 
the  bandwidth  of  filters  is  reduced  by  the  square  of 
the  overtone.  Moreover  the  noise  of  crystal  oscilla¬ 
tors  using  overtone  is  increased .Then  new  technolo¬ 
gies  have  been  investigated  for  increasing  the  fun¬ 
damental  frequency  of  piezoelectric  resonators.  Ion 
beam  milling  has  been  proposed  by  several  authors  for 
realizing  a  very  thin  membrane  * but  only  a  preli¬ 
minary  result  on  a  high  frequency  lithium  niobate  re¬ 
sonator  has  been  published^.  Experimental  results  on 
ion  beam  milled  resonators  and  filters  using  lithium 
niobate,  lithium  tantalate  and  quartz  are  reported  in 
this  paper. 

Ion  beam  milling  technique 

A  thin  piezoelectric  disc  is  covered  by  a  glass 
mask  having  a  hole  of  2  or  3  mm  in  diameter  for  li¬ 
miting  the  milled  zone.  Both  disc  and  mask,  mooted 
on  a  rotating  water-cooled  support,  are  exposed  to  on 
argon  ion  beam.  Thus  only  the  center  aera  of  the  disc 
is  milled  in  order  to  obtain  a  thickness  correspon¬ 
ding  to  the  desired  frequency.  The  very  thin  membra¬ 
ne  is  surronded  with  a  thicker  rim.  The  handling  of 
the  resonator  is  relatively  easy  as  a  consequence  of 
this  structure.  Generally  the  initial  substrate  obtai¬ 
ned  by  a  conventional  polishing  process  is  about  50 
pm  thick  and  6  mm  in  diameter.  The  two  faces  are  pa¬ 
rallel  and  have  a  very  good  surface  state. 

The  parallelism  and  polish  of  surface  must  be 
preserved  during  the  ion  milling  because  these  fea¬ 
tures  are  very  important  for  fabricating  resonators 


with  a  single  resonance  mode  and  a  high  Q  value.  Sur¬ 
face  state  preservation  is  dependent  upon  the  angle 
between  the  ion  beam  and  the  milled  surface.  Optimum 
incidence  angle  of  the  ion  beam  on  the  surface  of  the 
piezoelectric  materials  was  determined  to  be  35".  The 
angle  between  the  rotation  axis  and  the  ion  beam  di¬ 
rection  can  be  adjusted  from  0  to  90"  as  shown  in  fi¬ 
gure  1.  Taking  the  argon  ion  energy  as  1.8  KeV  and  the 
current  density  of  0.75  mA,  the  milling  rate  is  about 
3  pm/hour  for  the  materials  used.  The  interference 
fringes  were  observed  for  controlling  the  parallelism 
of  the  membrane  after  milling.  It  appears  that  the  pa¬ 
rallelism  of  the  crystal  was  not  perturbed  by  ion  mil¬ 
ling. 

Therefore  very  thin  membranes  with  good  physical 
properties  can  be  obtained  by  ion  milling  techniques. 

Design  and  fabrication 

Energy  trapping  is  a  fundamental  concept  in  the 
design  of  piezoelectric  resonators.  When  energy  trap¬ 
ping  is  maximum  the  resonator  operates  in  a  single  mo¬ 
de,  and  no  spurious  resonances  appear.  The  insertion 
loss  at  the  resonance  frequency  is  minimum  and  the 
Q  value  is  maximum.  The  best  energy  trapping  is  obtai¬ 
ned  by  adjusting  the  shape  of  metallic  electrodes  for 
lithium  niobate  (Y  +  37°  rotated  cut)  and  lithium  tan¬ 
talate  (  X  cut)  because  the  electromechanical  coupling 
coefficient  is  relatively  high  (  =  45Z)  and  the  in¬ 
fluence  of  mass-loading  is  relatively  small.  For  li¬ 
thium  niobate  (  Y  +  37"  rotated  cut)  electrodes  di¬ 
mensions  must  be  about  2.3  times  greater  than  the  re¬ 
sonator  thickness  in  order  to  achieve  good  trapping 
conditions  in  the  fundamental  mode^.  For  lithium  tan¬ 
talate  (  X  cut)  the  best  ratio  between  electrode  di¬ 
mensions  and  the  thickness  of  the  membrane  is  about 
6.5  in  the  direction  of  vibration,  called  "thickness 
shear  direction"  (TS)  and  about  4.  in  the  thickness 
twist  direction  (TT)  perpendicular  to  TS^*’’.  For 
quartz  (AT  cut)  the  electromechanical  coefficient  is 
small  (  -  8Z)  and  mass  -  loading  becomes  preponderant. 
Maximum  energy  trapping  can  be  obtained  by  adjusting 
the  electrode  thickness.  Moreower,  the  diameter  of 
the  electrodes  must  be  about  20  times  the  membrane 
thickness  6,7,8  Monolithic  crystal  filters  can  be 
realized  using  pairs  of  electrodes  deposited  on  the 
two  faces  of  a  thin  membrane.  The  spacing  between 
electrodes  controls  the  coupling  between  both  resona¬ 
tors.  Usually  this  inter-electrodes  spacing  is  sli¬ 
ghtly  less  than  the  crystal  thickness.  Metallic  elec¬ 
trodes  have  a  very  little  surface  aera  and  must  be 
deposited  with  great  accuracy  ,  They  are  made  by  sput¬ 
tering  aluminium  through  metallic  masks  on  the  two 
faces  of  the  membrane.  Then  resonators  or  filters  are 
mounted  in  standard  crystal  packages  and  their  fre¬ 
quency  response  is  measured. 

Experimental  results 

Lithium  niobate,  lithium  tantalate  and  quartz 
have  been  used  as  piezoelectric  materials. 
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Conclusion 


Lithium  niobate  (LiMbOi ) 

A  monolithic  crystal  filter  made  of  two  coupled 
resonators  has  been  fabricated  on  a  LiNb03  (Y  +  37”) 
disc,  6  mm  in  diameter  and  SO  Urn  thick.  Ion  beam  mil¬ 
ling  time  was  12  hours  for  obtaining  a  14.6  pm  thick 
membrane.  Two  square-electrodes  with  30  pm  sides  we¬ 
re  deposited  on  the  top  face.  The  spacing  between 
them  was  about  13  pm.  The  ground  electrode  was  depo¬ 
sited  on  the  opposite  face.  This  filter  has  been  mat¬ 
ched  to  50  il  and  tested.  The  central  frequency  is 
221.8  MHz  and  the  relative  bandwidth  is  0.92.  Total 
insertion  loss  is  4  dB  and  minimum  rejection  is  more 
than  25  dB  (see  figure  2). 

A  central  frequency  equal  to  378  MHz  has  been 
reached  with  an  8.6  pm  thick  membrane.  Lithium  nioba- 
te  is  a  piezoelectric  material  with  a  very  high  elec¬ 
tromechanical  coupling  coefficient  but  unfortunately 
the  frequency  temperature  stability  of  the  Y  +  37*  cut 
is  close  to  -  75  ppm/°C  and  such  filters  can  be  used 
only  in  thermostated  devices. 

For  obtaining  resonators  and  filters  having  a 
good  temperature  stability,  discs  of  lithium  tanta- 
late  (X)  and  quartz  (AT)  were  ion-milled 

Lithium  tantalate  (LiTa03) 

A  monolithic  lithium  tantalate  filter  operating 
at  230  MHz  has  been  realized.  The  initial  crystal 
were  6  mm  in  diameter  and  50  pm  thick.  After  milling, 
the  membrane  is  8.6  pm  thick  and  its  diameter  is  about 
2  mm.  Electrodes  of  40  x  23  pm  have  been  obtained  u- 
sing  aluminium  sputtering.  They  are  separated  by  a 
width  equal  to  7  pm.  The  center  frequency  is  231.51 
MHz  and  the  3  dB  bandwidth  is  4.28  MHz.  This  corres¬ 
ponds  to  a  I.85Z  relative  bandwidth.  The  insertion 
loss  is  close  to  5  dB  after  impedance  matching  to  50 
(1  and  the  minimum  rejection  is  30  dB  as  shown  in  fi¬ 
gure  3.  The  LiTa03  (X)  resonance  frequency  variation 
versus  temperature  is  parabolic  with  a  turn-over  tem¬ 
perature  around  0*C  and  a  second  order  coefficient 
equal  to  52  x  IO~9/*c2. 


Quartz  (Si02) 

At  cut  quartz  resonators  working  at  very  high 
fundamental  frequency  were  also  studied  and  tested. 

A  resonator  working  at  271.224  MHz  has  been  realized. 
The  initial  substrate  was  a  disc  6  mm  in  diameter. 

The  thickness  was  55  pm.  It  was  milled  for  15.45hours 
and  the  final  membrane  was  6.1  pm  thick.  The  sizes  of 
aluminium  electrodes  deposited  on  the  two  faces  of 
the  membrane  were  adjusted  by  chemical  etching  for 
obtaining  a  single  mode  of  resonance  .  The  frequency 
response  of  this  resonator  does  not  show  any  spurious 
resonances.  (See  figure  4).  The  antiresonance  fre¬ 
quency  is  272.732  MHz  and  Q  value  is  about  14,000 
The  effective  electromechanical  coupling  coefficient 
is  7.3Z.  A  schematic  view  of  the  dimensions  of  the 
resonator  is  given  in  the  figure  5. 

An  AT  quartz  resonator  has  been  studied  for 
obtaining  a  single  resonance  mode  at  the  third 
harmonic.  The  thin  membrane  is  16.8  pm  thick.  The 
third  harmonic  resonance  frequency  is  296,58  MHz  and 
the  antiresonance  frequency  is  296.64  MHz.  Insertion 
loss  of  13  dB  'and  Q  value  of  18.000  have  been  measu¬ 
red.  The  frequency  response  does  not  show  any  spu¬ 
rious  resonances.  (See  figure  6), 


These  preliminary  results  show  the  feasibility 
of  very  thin  membranes  (  6  pm  thick  and  2.5  m  wide) 
using  localized  ion  milling.  These  membranes  appear 
to  be  rugged  enough  and  can  be  easly  handled  and  moun¬ 
ted.  Thinner  membranes  can  be  probably  obtained. Metal¬ 
lic  electrodes  have  been  deposited  in  correct  posi¬ 
tion  on  the  vibrating  membrane.  The  parallelism  of 
the  membrane,  and  the  quality  of  the  surface  state 
are  good  enough  to  obtain  a  clear  response  of  the  re¬ 
sonator  and  a  useful  Q  value.  Using  this  new  techni¬ 
que  a  fundamental  frequency  of  around  300  MHz  has  been 
reached  for  AT  cut  quartz  resonator.  Good  characteris¬ 
tics  have  also  been  obtained  for  an  AT  cut  quartz  re¬ 
sonator  operating  at  300  MHz  at  the  third  harmonic. 

Fundamental  frequency  of  quartz  resonators  has 
been  increased  five  times  over  the  frequency  of  con¬ 
ventional  resonators  by  means  of  a  localized  ion  beam 
milling.  Moreover  very  high  frequency  range  can  be 
reached  using  the  third  harmonic.  The  application  of 
these  high  frequency  components  are  very  important  be¬ 
cause  when  the  fundamental  mode  is  used  the  bandwidth 
of  filters  is  much  larger  than  that  of  devices  ope¬ 
rating  at  odd  harmonic.  Voltage  controlled  oscilla¬ 
tors  with  relatively  wide  frequency  shifts  and  filters 
for  telecommunications  can  be  implemented  advantageous¬ 
ly  with  these  new  acoustic  components. 
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Insertion  loss  of  an  AT  Quartz  resonator 
operating  at  the  fundamental  mode. 
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5  -  Schematic  of  Che  271  MHz  AT  Quartz  resonator 


6  -  Frequency  responee  of  an  AT  Quartz  resonator 
operating  on  Che  3  rd  harmonic  overtone. 
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Summary 


Introduction 


Surface  inhomogeneties  caused  by  mechan¬ 
ical  lapping  contribute  to  surface  stresses 
and  energy  dissipation  and  result  in  noise, 
rapid  aging,  drive  sensitivity,  and  frequency 
versus  temperature  irregularities.  As  a  re¬ 
sult,  several  authors  have  stressed  the  need 
of  utilizing  polished  quartz  plates  in  order 
to  achieve  a  Q  limited  only  by  the  quartz 
i  t  s  e  a  f . 

An  alternative  approach  evaluated  in  this 
study  is  to  utilize  a  3  pm  lapped  an1,  deep- 
etched  plate  in  the  fabrication  of  high  fre¬ 
quency  resonators.  Sufficient  material  can  be 
removed  by  the  etching  to  essentially  elimi¬ 
nate  the  damaged  layer  caused  by  the  lapping 
operation. 

The  resonator  Q  reaches  a  maximum  value 

p 

at  Af/f  =1.6  upon  chemical  etching  and  then 
decreases  with  further  etching.  At  this  point, 
there  is  litt?e  loss  in  Q  or  device  perform¬ 
ance  when  compared  to  resonators  made  from 
polished  plates.  The  change  in  Q  with  in- 

p 

creasing  Af/f  is  proportional  to  the  reson¬ 
ator  frequency,  whereas  the  value  of 
? 

Af/f  MAX  is  independent  of  resonator  frequency. 

The  overall  surface  of  these  plates 
appears  to  become  smoother  with  increasing 
chemical  etching.  However,  close  examination 
reveals  that  the  depths  of  the  surface 
striations  increases  as  the  amount  of  material 

2 

removed  increases.  At  a  removal  of  Af/f  =0.73, 
the  depth  of  the  striations  is  approximately 
0.3  pm  and  the  width  is  5  pm.  As  more  mater¬ 
ial  is  removed  during  etching,  the  striations 
become  broader  and  extend  deeper  into  the 
plate . 

The  Q  degradation  phenomenon  is  shown  to 
be  correlated  with  the  depth  (d),  and  width, 

(w)  ,  of  surface  striations  initiated  by  mechan¬ 
ical  lapping  and  enhanced  by  chemical  etching. 

A  Rayleigh  scattering  model  is  proposed  to  ex¬ 
plain  the  degradation  in  resonator  Q  by  the 
elastic  scattering  of  an  acoustic  wave  by  these 
striations.  This  model  predicts  that  the 
degradation  in  Q  should  follow  the  form: 

Q"1  =  K  (d2  w?  f4) 


It  is  well  known  that  surface  imperfect¬ 
ions  can  adversely  affect  the  performance  of 
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piezoelectric  resonators  .  Surface  inhomo¬ 
geneties  caused  by  mechanical  lapping  contri¬ 
bute  to  surface  stresses  and  energy  dissipation 
and  result  in  noise,  rapid  aging,  drive  sensi¬ 
tivity,  and  frequency  versus  tern: erature 
irregularities.  For  high  frequency  resonators, 
this  damaged  layer  is  normally  removed  by  pol¬ 
ishing  followed  by  light  chemical  etching.  As 
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a  result,  several  authors  *  have  stressed  the 
need  of  utilizing  polished  quartz  plates  in 
order  to  achieve  a  Q  (quality  factor)  limited 
only  by  the  quartz  itself.  In  addition, 
polished  plate  has  a  lower  surface  area  than  a 
lapped  plate,  which  could  result  in  less  adsorp¬ 
tion  of  residual  contaminants  and  a  lower  aging 
rate.  However,  a  polished  plate  is  subject  to 
minor  scratches  during  the  high  friction  of  the 
mechanical  polishing  operation.  Also,  the 
adherence  of  gold  electrodes  is  poor  so  that 
careful  handling  is  necessary.  Finally,  the 
polishing  operation  contributes  to  the  cost  of 
the  plate. 

An  alternative  technique  is  to  utilize  a 
lapped  and  deep-etched  plate  in  the  fabrication 
of  high  frequency  resonators.  Sufficient  mater¬ 
ial  can  be  removed  from  each  major  surface  to 
essentially  eliminate  the  damaged  layer  caused 
by  the  lapping  operation.  The  deep-etching 
reduces  the  surface  area  and  the  amount  of 
adsorbed  contaminants.  In  audition,  savings 
in  the  cost  of  the  plate  could  be  realized  by 
the  elimination  of  the  polishing  operation. 

Miller^  has  shown  that  the  amount  of  chem¬ 
ical  etching  is  an  important  parameter  in  the 
performance  and  Q  of  8  MHz  fundamental  mode 
monolithic  crystal  filters.  The  Q  reaches  a 
maximum  at  a  removal  of  50  KHz  and  remains 
level  upon  subsequent  etching  to  1000  KHz  re¬ 
moval.  Polishing  increases  the  Q  only  10%. 

This  memorandum  describes  an  investigation 
into  the  relationship  between  surface  morphology 
and  performance  of  high  frequency  resonators. 

An  optimum  etch  condition  has  been  determined. 

In  addition,  the  results  of  this  and  other 
investigations  are  interpreted  in  terms  of  a 
Rayleigh  scattering  model,  suggesting  the 
existence  of  an  optimum  etch  condition  which 
varies  with  resonant  frequency. 


where  K  is  a  constant.  This  equation  can  be 
used  to  predict  the  loss  in  Q  of  resonators 
made  from  lapped  and  etched  plates  as  a  func¬ 
tion  of  frequency  and  extent  of  chemical  etch¬ 
ing. 


Q  Degradation 

Natural  AT-cut  quartz  plates  were  lapped 
with  a  3  pm  or  5  pm  abrasive  and  etched  in  a 
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saturated  ammonium  bifluoride  solution  at  50  C. 
Figure  1  illustrates  the  change  in  Q  with  in¬ 
creasing  chemical  etching  of  28  MHz,  5th  over¬ 
tone  resonators.  The  resonator  Q  reaches  a 
maximum  value  upon  chemical  etching  and  then 
decreases  with  further  etching.  The  initial 
increase  is  believed  due  to  the  removal  of  sur¬ 
face  damage  caused  by  lapping.  This  maximum 
occurs  at  a  removal  of  1.4  ym  from  the  lapped 

2 

surface  corresponding  to  a  Af/f  of  1.6. 

At  this  point,  there  is  little  loss  in  Q  or 
device  performance  when  compared  to  resonators 
made  from  polished  plates.  The  change  in  Q  is 
less  pronounced  as  the  resonator  frequency  de- 
2 

creases,  whereas  Af/f  is  independent  of 
resonator  frequency. 

Surface  Morphology 


I. A.  is  the  incident  wave  amplitude,  R  is  the 
distance  ol'  the  particle  from  the  point  of 
observation,  T  is  the  volume  of  the  particle, 

X  is  the  wavelength,  and  0  is  the  angle  be¬ 
tween  the  direction  of  observation  and  the 
direction  of  the  incident  wave.  The  model  is 

valid  for  cases  in  which  X  > 

This  model  has  been  applied  to  the  scat¬ 
tering  of  acoustic  waves  by  grains  in  poly¬ 
crystalline  metals®.  In  this  present  case, 
the  particles  are  the  surface  discontinuities 
produced  by  the  mechanical  lapping  and  deep¬ 
etching  . 

The  total  energy  scattered  (S.E.)  from  a. 
single  particle  is  proportional  to  the  square 
of  the  scattered  amplitude  integrated  over  the 
angles  of  scattering  so  that  for  N  particles: 


The  overall  surface  of  these  plates 
appears  to  become  smoother  with  increasing 
chemical  etching  when  evaluated  with  an  SEM 
(Figures  2  and  3).  This  seems  to  contradict 
the  data  in  Figure  1,  since  a  polished  plate, 
free  of  surface  roughness,  produces  a  device 

C 

with  a  high  Q  (3-65  x  10  ) .  However,  close 
examination  reveals  that  the  depths  of  the  sur¬ 
face  striations  caused  by  the  anisotropy  of 
chemical  etching  increases  as  the  amount  of 
material  removed  Increases.  This  is  supported 
in  Figures  2  and  3  where  profilometer  traces 
of  these  plates  show  the  actual  surface  rough¬ 
ness.  At  a  removal  of  118  KHz  (Af/f2=0.7)> 
the  depth  of  the  crevices  extends  approximately 
0.3  pm  into  the  plate  and  has  a  width  of  5  pm. 
As  more  material  is  removed  during  etching,  the 
crevices  become  broader  and  extend  deeper  into 

the  plate.  At  a  removal  of  3300  KHz  (Af/f‘= 
20.8)  the  depth  of  these  crevices  is  1.7  pm 
and  the  width  is  approximately  60  pm. 

There  is  little  difference  in  the 
profilometer  traces  between  the  unetched  plate 
and  the  plate  etched  118  KHz.  However,  quartz 
surfaces  Investigated  by  reflection  high  energy 

c; 

diffraction  (RHEED)  indicate  that  the  surface 
of  the  unetched  plate  is  mostly  amorphous 
whereas  the  surface  of  the  plate  etched  118 
KHz  is  entirely  crystalline  (the  RHEED  pattern 
consists  of  very  sharp,  well  developed  Kikuchi 
lines).  Estimates  of  typica1  crevice  widths 
(w)  and  depths  (d)  are  listed  in  Table  I,  to¬ 
gether  with  appropriate  frequency,  Q  values, 
and  etch  conditions. 


Total  S.E.  =  (I. A.)?  Jr-  £  T.2  (2) 

X  i=o  1 

where  K  is  a  constant.  Since  the  volume  of  a 
particle  or  crevice  (Ti)  is  approximately 

proportional  to  the  square  of  the  cross  sec¬ 
tional  width  (w)  times  the  depth  (d),  then 
from  the  summation  in  equation  (2): 

£  T  2  «  :i(w2d)2  (3) 

1=0  1 


However,  the  total  area  over  the  plate  is 

A.  =  M  w2 
tot 


(4) 


so  the:  equation  (3)  becomes: 


■  1  ?  ? 
£  V  *  w2d2 

i  =  o 


(5) 


Since  A.  ( T . A . ) 1  is  proportional  to  the 

bCt 

total  incident  energy  from  equation  (2), 


otal  S.E. 
Total  I.E. 


2  .2 
,,  v  a 


(6) 


The  quality  factor  or  Q  of  a  resonator 
is  given  L v 


n  _  2j[  (energy  stored) _ 

*  (energy  dissipated  per  cycle) 


It  is  believed  that  the  decrease  in  reson¬ 
ator  Q  with  increased  chemical  etching  is  due 
to  the  effect  of  the  surface  morphology  of  the 
quartz  plate. 

Rayleigh  Model 

The  experimental  observations  in  Figure  4 
can  be  Interpreted  in  terms  of  a  Rayleigh 

4 

scattering  model.  Rayleigh  has  shown  that  the 
elastic  scattering  of  an  acoustic  wave  by  a 
single  particle  is  given  by: 

=  —  2  (1  +  COS0)  (1) 

RX 

where  S.A.  Is  the  scattered  wave  amplitude. 


Substituting  into  equation  6  gives 

Q_1  =  K"  =  K"'  w2d2f  **  (8) 

X 

This  model  predicts  that  a p  the  width  and 
depth  of  the  crevices  neveases,  the  Q  is 
degraded.  It  also  predicts  a  deer???-'  in  d 
for  a  given  etch  condition  (co’  "-a:.-  .■;,d’1  as 

f  increases,  which  is  in  agreement  with 
1 

..arner  . 

The  measured  Q  of  a  device  is  affected 
by  several  parameters:  the  Intrinsic  Q  of 
the  quartz,  the  energy  losses  due  to  mounting, 
and  the  energy  losses  caused  by  surface 
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stresses  and  imperfections. 


Q 


measured 

(lapped) 


_  Q-1  .  0-l  .  0-l  (9) 

wbulk  Tnoiu.  ting  '‘surface 


For  a  polished  plate  with  a  highly  crystalline 
surface  Q7yrface  negligible  so  that 


Q 


measured 

(polished) 


=  Q-1  q“ T 

bulk  mounting 


(10) 


The  effect  of  the  surface  morphology  on  the  Q 
of  the  resonator  is  thus 


3-l 

surface 


measured 

(lapped) 


j-1 

’‘measured 

(polished) 


(11) 
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So  that  equation  (8)  now  becomes; 


r1  , 

'surface 


=  K" 


2.2 .4 

w  d  f 


(12) 


EFFECT  OF  SURFACE  REMOVAL 
BY  CHEMICAL  ETCHING 
ON  Q  OF  28  MHz  RESONATORS 


-1  2  2  4 

Thus  a  plot  of  In  Qsurface  versus  In  w  d  f 

should  be  linear  with  a  slope  of  1.0.  Data  in 
Table  I  is  plotted  in  Figure  4  and  agrees  quite 
well  with  the  above  Rayleigh  scattering  model. 
The  slope  of  this  curve,  plotted  for  several 
frequencies  and  device  codes  is  0.77  as  calcu¬ 
lated  from  a  least  square  fit  program.  From 
the  experimental  data,  equation  (12)  becomes: 


r-l 

'‘surface 


5.57  x  10 


-12 


(dVfS 


0.77 


(13) 


Energy  loss  due  to  the  perturbation  of  ti  e 
plate  surfaces  by  lapping  and  etching  is  thus 
a  function  of  the  frequency  and  morpholoj y  of 

2 

the  quartz  plate.  A  plot  of  dw  versus  Af/f 
is  given  in  Figure  5.  Values  extracted  from 
this  curve  can  be  inserted  into  equation  (13) 
to  estimate  the  loss  of  Q  for  a  high  frequency 
device . 


Cone luslon 


It  has  been  observed  that  the  Q  of  high 
fx'equency  resonators  reaches  a  maximum  value 
upon  chemical  etching  and  then  decreases  with 
further  etching.  This  maximum  occurs  at  a 

removal  of  1.4  pm  (Af/f2  =  1.60)  from  the  3  um 
abrasive  lapped  surface.  Little  loss  in  Q  or 
device  performance  is  discernible  when  compared 
to  resonators  made  from  polished  plates. 


FIG.  1  Change  in  Q  with  increasing  chemical  etching  in 
KHz  of  28  MHz,  5th  overtone  resonators. 


The  decrease  in  Q  upon  subsequent  chemical 
etching  is  due  to  the  increase  In  the  width  and 
depth  of  crevices  introduced  to  the  plate  by 
mechanical  lapping  and  enhanced  by  chemical 
etching.  A  Rayleigh  scattering  model  has  been 
proposed  to  explain  the  degradation  of  Q  by  the 
elastic  scattering  of  an  acoustic  wave  by  these 
crevices.  Equation  13  can  be  used  to  predict 
the  loss  in  Q  of  resonators  made  from  lapped 
and  deep-etched  plates  at  various  frequencies 
compared  to  those  devices  made  from  polished 
plates . 
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Summary 

Etching  in  a  saturated  solution  of  ammonium  bi¬ 
fluoride  is  shown  to  be  capable  of  producing  chemi¬ 
cally  polished  AT-cut  quartz  surfaces  over  a  broad 
range  of  conditions.  The  quality  of  chemical  polish 
depends  primarily  on  the  surface  finish  prior  to  etch¬ 
ing,  the  depth  of  etch  and  the  quality  of  quartz  used. 
The  speed  of  polishing  depends  primarily  on  the  tem¬ 
perature  of  the  etching  bath.  In  an  88°C  etching  bath, 
starting  with  3pm  lapped  blanks,  chemically  polished 
blanks  with  a  surface  roughness  of  0.1pm  and  a  rough¬ 
ness  angle  of  1°  can  be  produced  in  15  minutes.  Start¬ 
ing  with  a  finer  surface  finish  can  produce  a  smoother 
chemically  polished  surface. 

Chemically  polished  blanks  are  shown  to  be  ex¬ 
tremely  strong.  Fundamental  mode  20  MHz  resonators 
made  with  chemically  polished  natural  quartz  blanks 
showed  no  Q  degradation  with  increasing  depth  of  etch. 

Of  sixteen  different  varieties  of  cultured  quartz 
from  ten  different  growers,  most  were  found  not  to  be 
suitable  for  chemical  polishing  because  of  a  large 
number  of  etch  channels  generated  by  the  etching.  The 
incidence  of  channels  varied  greatly  from  cultured 
quartz  to  cultured  quartz.  A  vacuum  swept  cultured 
quartz  was  the  only  variety  from  which  chemical  polish¬ 
ing  could  produce  blanks  free  of  etch  channels.  Of  a 
large  number  of  6.4mm  diameter  chemically  polished 
natural  quartz  blanks,  approximately  2/3  were  free 
of  etch  channels. 

Key  Words.  Etching,  Polishing,  Quartz,  Quartz 
Resonators,  Quartz  Crystals,  Etch  Pits,  Etch  Channels, 
Dislocations,  Cultured  Quartz,  Ammonium  Bifluuride, 
Chemical  Polishing,  Lapping 

Introduction 

High  precision  and  high  frequency  quartz  reson¬ 
ators,  particularly  those  for  high  shock  applications, 
require  quartz  plates  whose  surfaces  are  free  of  im¬ 
perfections,  such  as  scratches  and  pits.  The  most 
common  method  of  achieving  such  surfaces  is  mechanical 
polishing.  The  mechanical  polishing  processes  are  dif¬ 
ficult  to  control  ( i . e . ,  it  is  difficult  to  produce  de¬ 
fect-free  surfaces,  at  the  correct  frequency,  with  a 
high  yield).  Moreover,  as  has  been  known  since  the 
last  century,  even  when  the  polished  surfaces  appear 
to  be  free  of  defects  when  examined  at  high  magni¬ 
fication,  the  surfaces  contain  hidden  defects1’*. 

These  defects  can  be  revealed  by  X-ray  diffraction 
topography’  and  by  etching  subsequent  to  polishing. 

Figure  1  is  an  SEM  micrograph  which  shows  the  two 
most  commonly  observed  defects  revealed  by  etching 
polished  quartz  blanks:  scratch  marks  and  pits.  As 
we  shall  discuss  later,  the  pits  often  extend  deep  into 
the  blanks. 

The  objective  of  the  study  to  be  described  in 
this  paper  was  to  overcome  the  difficulties  associated 
with  mechanical  polishing  by  finding  an  etching  pro¬ 
cedure  capable  of  producing  chemically  polished  quartz 


Fig.  1.  Polished  surface  after  etching. 


crystal  surfaces. 

Chemical  Polishing 

At  the  beginning  of  this  study  a  literature  search 
was  conducted  to  determine  what  previous  studies,  if 
any,  have  been  reported  on  the  subject  of  polishing 
quartz  chemically.  No  such  reports  were  found.  Per¬ 
haps  this  is  due  to  the  fact  that  it  has  been  widely 
known  that  the  etch  rates  of  quartz  vary  greatly  with 
crystallographic  direction4’5.  The  rate  along  the 
fastest  etch  direction,  the  Z  direction,  is  over  one 
hundred  times  the  rate  along  the  slowest  etch  direction, 
which  is  the-X  direction  for  right  handed  quartz.  At 
first  glance,  therefore,  achieving  a  chemically  polished 
quartz  surface  may  seem  like  a  hopeless  task. 

It  has,  however,  been  shown  that  other  highly  anis¬ 
otropic  materials,  such  as  silicon  and  germanium,  can  be 
polished  chemically’'’.  To  understand  why  such  anisotropic 
materials  can  be  so  polished,  let  us  examine  the  etching 
mechanism. 

Etching  can  be  considered  to  be  a  five  step  pro¬ 
cess.  The  etchant  must: 

1.  diffuse  to  the  surface, 

2.  be  adsorbed, 

3.  react  chemically; 

the  reaction  products  must 

4.  be  desorbed 

and  5.  diffuse  away  from  the  surface. 

The  etching  rate  may  be  limited  by  any  one  of  these 
steps.  In  chemical  polishing,  the  rate  controlling  step 
is  generally  the  diffusion  to  or  from  the  surface.  Dif¬ 
fusion  control  means  that,  in  particular,  the  inherent 
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rate  at  which  a  reaction  takes  place  at  the  surface  is 
higher  than  the  rate  of  diffusion;  i.e.,  the  etchant 
molecules  at  the  surface  react  at  a  rate  which  is  faster 
than  the  rate  at  which  the  concentration  at  the  surface 
can  be  replenished  by  the  diffusion  of  other  etchant 
molecules.  A  depleted  surface  layer  therefore  exists, 
outside  which  the  etchant  concentration  is  uniform,  but 
inside  which  the  concentration  decreases  to  near  zero 
at  the  surface. 

Under  such  conditions,  the  etching  is  principally 
determined  not  by  the  properties  of  the  surface  being 
etched,  but  by  the  diffusion.  It  is  clear  that  if  a 
surface  initially  consists  of  hills  and  valleys,  as 
shown  in  Fig.  2.,  the  probability  of  an  etchant  mole¬ 
cule  diffusing  to  the  top  of  a  hill  will  be  much  greater 
than  the  probability  of  it  diffusing  to  the  bottom  of 
a  valley.  The  hills  will  therefore  be  etched  faster 
than  the  valleys,  and  the  surface  will  become  increas¬ 
ingly  smooth  as  the  etching  progresses. 


Fig.  2.  A  rough  surface  at  the  beginning  of  etching. 

Eventually,  the  surface  becomes  so  smooth  that  the 
depleted  layer  can  have  uniform  thickness  everywhere, 
e.g.,  as  shown  in  Fig.  3.  From  that  point,  the  surface 
is  etched  evenly  everywhere,  and  the  surface  smoothness 
no  longer  improves  with  further  etching.  Chemically 
polished  surfaces  are  therefore  not  perfectly  flat  but 
are  microscopically  undulating. 


Fig.  3.  Chemically  polished  surface. 


Etching  Experiments 

Not  enough  information  exists  at  the  present  for 
one  to  be  able  to  predict  the  conditions  under  which  a 
given  etchant  can  chemically  polish  quartz.  At  the  be¬ 
ginning  of  this  study,  an  empirical  evaluation  of  a 
number  of  the  known  etchants  for  quartz  was  planned. 

The  evaluation  began  with  ammonium  bifluoride  (NH^F-HF), 
simply  because  that  had  been  the  etchant  used  in  our 
fabrication  process,  and  was  therefore  the  most  readily 
available.  As  it  turned  out,  we  need  not  have  looked 
any  further. 

Most  of  the  experiments  were  performed  on  AT-cut 
plano-plano  natural  quartz  blanks  which  had  been  final 
lapped  with  3um  MICROGRIT  aluminum  oxide  abrasive7,  then 
etched  under  various  conditions  in  increments  up  to 
Af-160foff,  where  Af  is  the  change  in  frequency  in  kHz, 
and  fQ  and  ff  are  the  initial  and  final  frequencies, 
respectively, in  MHz.  In  the  past,  the  depth  of  etch 
has  usually  been  expressed  in  units  of  f7  because  the 


depths  of  etch  normally  used  in  crystal  fabrication  have 
been  small  enough  so  that  it  did  not  matter  if  f  meant 
f0  or  f~.  For  the  deep  etches  evaluated  in  these  ex¬ 
periments  the  proper  unit  is  f0f.r.  (Since  tQ  «  j.  ari(j 
,  1  Af  0 

lf  '  ff  •  At  *  F°r  ^T~cut  tluartZ>  ^off= 

1.66um  removed  from  the  thickness. 

Surface  Evaluation 

The  etched  blanks  were  first  inspected  with  a 
light  microscope  to  assure  that  no  gross  defects  were 
present.  The  blanks  were  then  examined  with  a  scanning 
electron  microscope  (SEM),  and  with  a  Talysurf  profile 
meter8. 

The  topography  of  deeply  etched  AT-cut  quartz  sur¬ 
faces  consist  of  hills  and  valleys  which  extend  in  a 
direction  about  4°  from  the  X  axis.  Therefore,  in  both 
the  SEM  and  profile  meter  measurements,  the  topography 
appears  smoothest  when  examined  along  a  direction  paral¬ 
lel  to  the  hills  and  valleys,  and  appears  roughest  when 
examined  perpendicular  to  the  hills  and  valleys.  Fig. 

4  shows  SEM  micrographs  of  the  same  surface  taken  from 
the  two  different  angles.  These  SEM  micrographs,  as 
well  as  all  the  others  in  this  paper,  were  taken  along 
an  observation  angle  of  60°  from  the  normal  in  order  to 
provide  good  contrast  and  resolution.  The  micrograph 
on  the  left  was  taken  looking  along  the  hills  and  val¬ 
leys;  the  micrograph  on  the  right  was  taken  looking 
across  the  hills  and  valleys.  The  scale  is  represented 
by  an  oval  because  of  the  oblique  observation  angle 
used. 


Fig.  4.  SEM  micrographs  of  the  same  surface  from  two 
different  observation  angles. 

Similarly,  Fig.  5  shows  profile  meter  scans  for  the 
same  surface  along  the  two  orthogonal  directions.  The 
profile  meter  is  a  stylus  type  instrument,  similar  tc 
a  phonograph.  A  very  fine  diamond  needle  is  moved  a- 
cross  the  surface.  The  up  and  down  displacements  of 
the  needle  are  converted  to  an  electrical  signal  which 
is  displayed  on  a  chart.  Since  the  depths  of  the  val¬ 
leys  were  generally  small  compared  to  the  separations 
of  the  hills,  the  vertical  scale  in  this  example  is 
magnified  200  times  as  compared  to  the  horizontal  scale. 
The  surface  appears  roughest  along  the  2  direction, 
i.e.,  the  direction  where  the  needle  is  moving  perpen¬ 
dicular  to  the  hills  and  valleys.  It  is,  therefore, 
this  direction  on  which  all  calculations  of  surface 
roughness  in  this  paper  are  based. 
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Fig.  5.  Profile  meter  scans  of  the  same  surface 
along  two  orthogonal  directions. 


The  Z  direction  profile  meter  scans  were  digit¬ 
ized9,  and  from  this  data  the  surface  topography  was 
characterized  for  each  sample  by  two  parameters:  the 
surface  roughness  and  the  roughness  angle.  The  sur¬ 
face  roughness  was  derived  by  calculating  the  root 
mean  square  deviation  fror.i  an  imaginary,  smooth  "zero 
spacially  averaged"  line  which  is  chosen  so  that  the 
area  of  mountains  above  this  line  is  equal  to  the  area 
of  valleys  under  this  line.  The  roughness  angle  is 
the  average  angle  which  the  sides  of  the  hills  make 
with  the  plane  of  the  crystal  blank. 


Etching  Aparatus 

The  etching  experiments  were  performed  in  the 
double  beaker  arrangement  shown  in  Fig.  6.  A  1000ml 
glass  outer  beaker  contains  water  and  a  floating  400ml 
Teflon  beaker10,  which  in  turn  contains  the  saturated 
ammonium  bifluoride  solution.  A  temperature  controlled 
Stirring  hot  plate  with  a  thermistor  sensor11  was  used 
to  control  the  temperature  of  the  water  surrounding 
the  Teflon  beaker.  The  temperature  of  the  ammonium 
bifluoride  solution  could  thus  be  controlled  to  about 
±1.5°C.  A  thick  Teflon  disc  with  a  diameter  slightly 
larger  than  the  outer  beaker  was  used  as  a  cover  to 
minimize  evaporation  from  the  beakers.  T!  e  weight  of 
this  disc  also  served  to  push  the  inner  beaker  down  to 
assure  that  the  fluid  level  in  the  inner  beaker  was  al¬ 
ways  about  3  cm  below  the  water  level  in  the  outer 
beaker.  A  hole  through  the  center  of  the  disc  permitted 
the  agitation  of  crystals  during  etching. 


Since  the  thermal  conductivity  of  the  Teflon 
beaker  is  low,  to  minimize  the  time  required  for  the 
temperature  of  the  inner  bath  to  reach  equilibrium 
with  the  outer  bath,  when  the  hot  plate  was  first 
turned  on,  the  inner  bath  was  preheated  in  boiling 
water  in  a  separate  container.  Even  with  this  method 
it  took  well  over  an  hour  after  the  hot  plate  was  turn¬ 
ed  on  for  the  inner  bath  to  stabilize  at  85°C,  for  ex¬ 
ample.  In  production,  it  may  be  prefereable  to  use 
direct  heating  of  the  solution  by  means  of  an  alumina 
or  Teflon  coated  immersion  heater. 


The  crystals  were  held  in  a  Teflon  jig  which  was 
designed  to  assure  that  only  point  contacts  existed 
between  the  jig  and  the  crystals.  For  crystals  with 
a  diameter  greater  than  16  mm  a  commercially  avail¬ 
able  jig12  was  found  to  be  adequate.  For  the  smaller 
crystals  used  throughout  most  of  our  experiments,  a 
small  "home  made"  Teflon  jig  was  used,  which  fit  on 
the  same  Teflon  handle  as  the  commercial  device. 

The  crystals  were  agitated  slowly  in  both  direc¬ 
tions  by  means  of  a  constant  speed  electric  motor, 
a  (now  obsolete)  Hewlett-Packard  Model  297A  Sweep 


Drive.  During  most  of  the  experiments,  the  motor  was 
set  to  rotate  the  etching  jig  through  an  angle  of  ap¬ 
proximately  360°  before  reversing  direction.  The  rate 
of  agitation  was  about  5  cycles  per  minute. 


Fig.  6.  Etching  Apparatus 


Etching  Procedure 

The  etching  procedure  consists  of  the  following 
steps: 


1.  A  saturated  solution  of  armonium  bifluoride 
is  prepared  in  a  Teflon  container.  The  ammonium  bi¬ 
fluoride  (NH.F-HF)  flakes10  are  mixed  with  distilled 
water,  and  tne  solution  heated  to  the  desired  tempera¬ 
ture.  The  amount  of  NH.F-HF  used  is  such  that  after 
the  solution  reaches  thd  equilibrium  temperature,  some 
undissolved  flakes  remain  in  the  bottom  of  the  con¬ 
tainer  throughout  the  etching  process.  (The  solubility 
of  NH.F-HF  in  water  increases  from  61  gms  per  100  ml  of 
solution  at  60:'C  to  86  gms  per  100  ml  at  1 00°C 3 4 . ) 

The  solution  preparation  and  the  etching  are  performed 
under  a  vented  hood  to  prevent  inhalation  of  the  vapors 
from  the  etching  bath. 

2.  The  crystals  are  cleaned  thoroughly.  To 
assure  that  the  surfaces  are  etched  evenly,  it  is  par¬ 
ticularly  important  to  remove  all  contaminants  such  as 
waxes  and  greases,  which  may  be  impervious  to  the  etchant. 
The  crystals  used  in  these  experiments  were  thoroughly 
degreased  by  a  process  which  included  the  immersion  of 
the  blanks  in  ethyl  alcohol  in  a  Petri  dish  whose  bot¬ 
tom  was  lined  with  open  cell  urethane  foam,  then  scrub¬ 
bing  both  sides  of  each  blank  with  a  foam  swab.  The 
crystals  were  then  placed  into  the  slots  in  the  etching 
jig  and  agitated  ultrasonical ly  in  a  detergent  solution, 
then  rinsed  thoroughly.  Plasma  cleaning  in  an  oxygen 
plasma15  has  been  found  to  be  a  reliable  alternative  to 
scrubbing. 
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3.  From  the  final  rinse  the  crystals  are  trans¬ 
ferred,  while  wet,  into  the  etching  bath,  and  are  jig¬ 
gled  around  to  make  sure  that  there  are  no  trapped  air 
bubbles  in  the  etching  jig.  During  etching,  the  crys¬ 
tals  are  agitated  in  both  directions  to  assure  even 
etching  on  both  sides.  The  approximate  etching  time 
can  be  calculated  from  the  etching  rate  vs.  temperature 
curve.  Fig.  7,  which  will  be  discussed  later. 


T  (*C) 


Fig.  7.  Temperature  dependence  of  etching  rate. 

4.  After  the  crystals  reach  the  desired  fre¬ 
quency,  the  etching  jig  is  removed  rapidly  from  the 
etch  bath  and  is  immersed  immediately  into  a  container 
of  hot  water,  given  a  thorough  rinse  under  running  hot 
water,  then  agitated  ultrasonically  in  hot  water,  then 
given  another  rinse  in  running  distilled  water,  then 
dried  by  spin  drying.  A  thorough  rinse  is  important 
in  order  to  remove  all  residues  of  the  etchant. 

5.  The  crystals  are  then  inspected  under  a 
microscope  for  uniformity  of  etch,  and  for  defects  such 
as  scratch  marks,  etch  pits  and  etch  channels. 

Non-uniform  appearance  of  the  etched  surfaces  can 
have  the  following  causes:  a.  contamination  on  the 
crystals  prior  to  etching,  b.  contamination  In  the  etch 
bath  which  adsorbs  onto  the  crystals,  c.  air  bubbles  on 
the  crystals  which  remain  after  the  crystals  are  im¬ 
mersed  in  the  etch  bath,  d.  contact  between  the  crys¬ 
tals  and  the  etching  jig  due  to  poor  jig  design  or  In¬ 
adequate  agitation,  e.  poor  quality  quartz  in  which  a 
large  number  of  etch  pits  and  etch  channels  are  pro¬ 
duced  by  the  etching,  and  f.  Inadequate  rinsing  at  the 
completion  of  etching. 

Silicon  dioxide  surfaces  on  oxidized  silicon 
slices  have  been  shown  to  retain  fluorides  even  after 
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a  two  minute  rinse  in  95°C  water16.  The  authors  of  this 
paper  ascribe  the  "tenacious  behavior  of  the  fluoride 
ion. ..to  the  strength  of  the  silicon-fluoride  bond  (136 
kcal/mol  compared  to  106  kcal/mol  for  Si-0)  on  the  ... 

Si 0g  surface".  A  careful  analysis  by  Auger  Electron 
Spectroscopy  of  several  etched  quartz  blanks  which  had 
been  rinsed  thoroughly  with  distilled  water  failed  to  re¬ 
veal  any  traces  of  fluorine  on  the  surfaces.  (To  mini¬ 
mize  the  possibility  of  electron  beam  induced  desorption 
of  the  fluorine,  the  samples  were  translated  across  the 
primary  beam  continuously  while  repeatedly  scanning  a 
narrow  range  of  energies  about  the  fluorine  peak.) 

Inspection  Procedure 

The  inspection  of  etched  blanks  is  performed  under 
a  microscope  at  about  40 X  magnification,  with  the  light 
incidence  perpendicular  to  the  axis  of  the  microscope, 
and  with  using  a  black  background.  First  the  crystal 
is  inspectedfor  surface  irregularities  such  as  scratch 
marks,  pits  and  twinned  areas  by  tilting  the  crystal  so 
as  to  reflect  light  into  the  microscope.  The  crystal 
is  then  inspected  for  etch  channels  by  holding  it  so 
that  the  light  incidence  is  in  the  plane  of  the  crystal 
(i.e.,  edge  illumination).  The  etch  channels  are  most 
visible  when  the  edge  illumination  is  incident  along 
a  direction  perpendicular  to  the  direction  of  the  chan¬ 
nels.  For  example,  in  most  cultured  quartz,  the  etch 
channels  tend  to  be  along  directions  near  the  Z  direc¬ 
tion.  These  channels  are  most  easily  visible  therefore 
with  the  light  incident  from  the  X  direction.  To  help 
make  the  etch  channels  more  visible  without  rotating  the 
crystals,  it  is  helpful  to  use  for  the  edge  illumination 
two  lights  incident  at  a  right  angle  to  each  other,  or 
a  ring  light.  The  etch  channels  appear  as  small,  bright 
streaks  which  extend  through  tjie  blank  from  one  side  to 
the  other.  The  thicker  the  blank,  the  longer  the  streaks, 
and  the  deeper  the  blank  has  been  etched,  the  brighter 
the  streaks. 

Etching  Variables 

The  etching  variables  investigated  in  this  study 
were:  the  depth  of  etch,  the  surface  finish  prior  to 
etching,  the  etching  temperature,  agitation  during 
etching,  etching  bath  depletion,  and  the  quality  of 
quartz  used. 

a.  Depth  of  Etch 

Figure  8  shows  an  SEM  micrograph  of  the  3  um  alumina 
lapped  surface  prior  to  etching.  The  surface  is  filled 
with  pits,  crevices,  and  loose  and  nearly  loose  particles. 
After  etching  to  A f  =  1 . 5fQff ,  the  loose  and  nearly 
loose  particles  have  been  etched  away,  as  shown  in  Fig. 

9,  however,  numerous  pits  remain  visible.  A  surface 
etched  to  A f  =  2.1f0ff,  Fig.  10,  shows  fewer  pits.  The 
pits  have  become  broader  and  shallower. 

Fig.  11  shows  the  topography  corresponding  to  a 
depth  of  etch  of  Af  ■  3.6foff.  Evidence  of  the  surface 
damage  produced  by  lapping  has  nearly  disappeared.  The 
hills  and  valleys,  which  tend  to  extend  along  about  the 
X  direction,  have  become  more  apparent.  The  surface 
roughness  at  this  point  is  0.19  urn,  and  the  roughness 
angle  is  2.9°. 

As  the  etching  progresses,  the  hills  move  further 
apart,  and  the  valleys  become  shallower.  Fig.  12  and 
13  show  the  topographies  corresponding  to  depths  of 
etch  of  Af  ■  8.9f  f.  and  Af  *  31.5f.fj.  The  surface 
roughnesses  and  roughness  angles  are  6.13  urn  and  2.2°, 
and  0.09  urn  and  0.75,  respectively. 

Upon  further  etching,  the  topography  changes  less 
and  less  with  increasing  depth  of  etch.  The  surface 


Fig.  13.  Surface  etched  to  if  =  31. Sf  f_. 
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Fig.  14.  Surface  etched  to  a f  =  85fof^. 


b.  Surface  Finish  Prior  to  Etching 

Four  groups  of  crystal  blanks,  each  with  a  different 
surface  finish  prior  to  etching,  were  etched  at  85°C. 

The  surface  roughness  and  roughness  angle  vs.  depth 
of  etch  was  determined  for  each  group.  The  four 
groups  were  prepared  as  follows:  one  group  was  cut 
with  a  diamond  saw  blade  (80  grit)  and  was  not  lap¬ 
ped  at  all,  the  second  group  was  final  lapped  with 
12  um  MICROGRIT  aluminum  oxide  abrasive,  the  third 
group  was  final  lapped  with  3  pm  MICROGRIT,  and 
the  fourth  group  was  lapped  with  3  um  MICROGRIT,  etched, 
then  polished  with  cerium  oxide. 

The  surface  roughnesses  and  roughness  angles  of 
the  blanks  with  the  diamond  saw  blade  surface  finish 
continued  to  decrease,  with  little  sign  of  leveling 
off,  all  the  way  to  a  depth  of  etch  of  if  =  300foff, 
the  maximum  depth  to  which  this  group  was  etched. 

The  surface  roughnesses  and  roughness  angles  de¬ 
creased  nearly  linearly  from  3.0  um  and  3.6°,  res¬ 
pectively,  at  if  =  110foff,  to  1.2  um  and  0.9°  at 
if  »  300fQff.  As  the  etching  progressed,  the  blanks 
became  more  and  more  transparent. 


In  Figs.  15  and  16.  The  equilibrium  surface  roughnesses 
are  0.45  um  and  0.075  um;  the  equilibrium  roughness 
angles  are  0.75°  and  0.25°,  respectively.  The  ratios 
of  the  equilibrium  values  for  these  two  groups  are  of 
the  same  order  as  the  ratios  of  the  average  particle 
sizes  of  the  two  abrasives  used  in  the  final  lapping. 
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Fig.  16.  Roughness  angle  vs.  depth  of  etching  for 
3  um  and  12  um  lapped  blanks. 

The  regular  array  of  hills  and  valleys  which  de¬ 
veloped  on  the  lapped  blanks  did  not  develop  on  the 
group  of  polished  blanks.  The  equilibrium  topographies 
on  these  blanks  consisted  of  smooth  areas  and  scratch 
marks  only.  Fig.  17  shows  the  profile  meter  scan  for 
a  polished  blank  after  it  was  etched  to  af  *  92f-ff. 

It  shows  a  0.28  um  deep  scratch  mark,  plus  some  smaller 
ones.  However,  between  the  scratch  marks,  the  surface 
is  smooth,  to  within  the  resolution  of  the  profile 
meter,  which  is  0.01  um. 


The  surface  roughnesses  and  roughness  angles  of 
both  the  12  um  and  3  um  lapped  groups  leveled  off  after 
a  depth  of  etch  of  approximately  af  =>  80foff,  as  shown 


These  results  are  consistent  with  the  contention 


Fig.  17.  Profile  meter  scan  of  polished  blank  after 
etching  to  if  =  92fQff. 


that  the  etching  is  diffusion  controlled.  The  rougher 
the  initial  surface,  the  rougher  the  final  equilibrium 
surface,  where  the  depleted  surface  layer  of  etching 
solution  has  uniform  thickness  everywhere,  and  the  hills 
therefore,  are  no  longer  etched  faster  than  the  valleys. 
A  smooth,  undisturbed  initial  surface  remains  smooth 
even  after  a  large  amount  of  material  is  removed  by  the 
etching.  No  signs  of  preferential  etching  along  the 
different  crystallographic  axes  appeared  on  the  polish¬ 
ed  blanks. 

The  scratch  marks  represent  lattice  disturbances 
which  had  been  produced  by  the  mechanical  polishing 
operation.  The  reason  these  regions  are  etched  faster 
than  the  surrounding  areas  is  the  same  as  the  reason 
for  the  formation  of  etch'pits  and  etch  channels,  which 
will  be  discussed  later  in  this  paper. 

The  results  above  for  the  12  urn  and  3  pm  lapped 
surfaces  are  not  necessarily  representative  of  surfaces 
lapped  with  the  same  size  designation  abrasives  from 
different  manufacturers.  The  typical  size  distribution 
curves  for  the  12  pm  and  3  pm  MICROGRIT  WCA  abrasives 
show  the  median  particle  diameters  to  be  11.75  urn  and 
2.85  pm  respectively,  and  the  maximum  particle  diameters 
to  be  approximately  30  pm  and  10  pm,  respectively17. 

The  particles  tend  to  have  flat,  platelet-like  shapes. 
Fig.  18  shows  a  SEM  micrograph  of  some  3  pm  suspension 
treated  MICROGRIT  WCA  particles.  Abrasives  from  other 
manufacturers  may  have  different  particle  size  distribu¬ 
tions  and/or  shapes,  and  may  therefore  produce  different 
equilbrium  surface  topographies  upon  chemical  polishing. 


The  above  results  imply  that  the  less  deeply  and 
the  more  uniformly  disturbed  the  surface  is  prior  to 
etching,  the  smoother  will  be  the  chemically  polished 
surface.  Accordingly,  one  should  lap  with  as  fine  an 
abrasive  prior  to  etching  as  possible.  Since  the  finer 
the  abrasive,  the  slower  the  lapping,  it  may  be  pre¬ 
ferable  to  perform  the  chemical  polishing  in  two  steps 
in  order  to  attain  the  optimum  surface  finish.  First, 
to  lap  the  crystals  with  a  relatively  coarse  abrasive, 
e.g.,  3  pm,  then  etch  to  Af  =  lOf  f,  to  remove  the 
damaged  layer  and  chemically  poliShTthe  surface.  At 
this  point  the  (r.m.s.)  surface  roughness  is  0.11  urn, 
and  the  profile  meter  scans  show  that  the  largest  hills 
on  the  surface  (if  the  surface  is  free  of  etch  channels) 
extend  less  than  0.5  um  above  the  valleys.  To  produce 
a  semi -polished  surface,  it  is  therefore  sufficient  to 
remove  Af  =  0.3f2  with  a  fine  abrasive.  From  such  a 
semi-polished  surface,  a  small  amount  of  etching  should 
produce  a  very  smooth  chemically  polished  surface. 

In  our  experience,  etching  surfaces  which  had  been 
fully  polished  with  cerium  oxide  prior  to  etching  have 
generally  produced  scratch  marks.  Although  the  above 
suggestion  for  using  a  semi-polished  surface  for  chemi¬ 
cal  polishing  has  not  yet  been  proven  experimentally, 
the  semi-polished  surface  may  be  preferable  to  a  fully 
polished  one,  because  rather  than  aiming  for  a  perfect¬ 
ly  scratch  free  surface,  lapping  with  a  fine  abrasive 
produces  a  uniformly  "scratched"  surface  similar  to  the 
ones  produced  by  the  12  um  and  3  um  abrasives,  except 
on  a  smaller  scale. 

c.  Temperature 

The  temperature  at  which  the  etching  is  performed  does 
not  have  a  significant  effect  on  the  final  surface 
roughness  in  the  temperature  range  studied,  4 5°C  to 
90°C.  The  temperature  does,  however,  have  a  signifi¬ 
cant  effect  on  the  rate  of  etching.  Fig.  7  shows  a 
semi-log  plot  of  the  temperature  dependence  of  etch 
rate  in  saturated  ammonium  bifluoride.  (Note  the 
temperature  scale  in  °C  at  the  top  of  the  graph.) 

The  rate  increases  from  Af  *  0.063foff  per  minute 
at  45°C,  to  Af  -  l.lf0ff  per  minute  at  90cC.  It  is 

lf0ff  per  minute  at  88°C,  which  implies  that  from  a 
3  um  surface,  a  chemically  polished  surface  can  be 
produced  at  this  temperature  in  less  than  15  minutes. 

The  etch  rate  curve  in  Fig.  7  fits  the  equation 
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R(T)  =  Ae  kT 


Fig.  18.  3  um  MICROGRIT  abrasive. 


where  R(T)  is  the  etch  rate  in  units  of  kHz  per  (MHz)- 
per  minute,  A  equals  5.083  X  10p  — — —  ,  E  (an 
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activation  energy)  equals  14.4  kcal/mol  (=0.62eV),  k 
is  Boltzmann's  constant,  and  T  is  the  temperature  in 
°K.  All  etch  rates  are  the  rates  for  chemically  polish¬ 
ed  sut faces.  (The  initial  etch  rates  on  rough  surfaces 
are  always  higher. ) 

The  14.4  kcal/mol  activation  energy  is  higher  than 
the  activation  energies  characteristic  of  diffusion  con¬ 
trolled  processes6,  which  are  4  to  6  kcal/mol.  The  sim¬ 
ple  expression  above,  however,  does  not  take  into  ac¬ 
count  two  effects.  First,  the  etching  solution  is  sat¬ 
urated  at  all  temperatures,  which  means  that  the  concen¬ 
tration  increases  with  Increasing  temperature.  Second¬ 
ly,  the  etching  reaction  liberates  heat  which  makes  the 
temperature  at  which  the  reaction  takes  place  higher 
than  the  bulk  solution  temperature.  Both  of  these  ef¬ 
fects  tend  to  change  the  apparent  activation  energy  to 
a  value  which  is  higher  than  the  "true"  activation  ener¬ 
gy  of  the  etching. 
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d.  Agitation 

The  agitation  rate  has  only  a  minor  effect  on  the  etch 
rate.  For  example,  the  etch  rate  with  an  agitation 
rate  of  50  cycles  per  minute  was  compared  with  the 
etch  rate  with  no  agitation,  at  85°C.  A  group  of  crys¬ 
tals  was  etched  in  15  minute  increments  alternating  be¬ 
tween  agitation  and  no  agitation.  The  etch  rates  were 
found  to  be  11%  higher  during  the  agitation  periods. 

Such  a  change  in  etch  rate  at  85°C  could  be  ac¬ 
counted  for  by  a  change  in  etchant  temperature  of  only 
2°C,  which  is  close  to  the  uncertainty  in  our  tempera¬ 
ture  control.  This  uncertainty  in  temperature  control 
could  therefore  possibly  account  for  at  least  part  of 
the  observed  increase  in  etch  rate. 

While  agitation  does  not  appear  to  have  a  signifi¬ 
cant  effect  on  the  etch  rate,  proper  agitation,  pre¬ 
ferably  in  both  directions,  is  important  to  assure 
that  the  crystals  are  etched  uniformly  on  both  sides. 
Agitation  also  serves  to  minimize  temperature  gradients 
in  the  etch  bath,  which  in  turn  minimizes  the  blank  to 
blank  etch  rate  variations. 

e.  Etch  Bath  Depletion 

To  obtain  an  indication  of  the  effects  of  a  severe  de¬ 
pletion  of  the  etch  bath,  a  handful  (approximately  40 
gms)  of  crystal  blanks  were  dissolved  completely  in 
approximately  200  ml  of  etching  solution.  This  is  e- 
quivalent  to  the  depletion  that  would  be  produced  in 
a  one  liter  etch  bath  by  etching  100,000  blanks  of 
6.4  mm  diameter  to  &f  =  14ffiff.  The  "depleted"  etch 
bath  contained  enough  NH^F-HF  flakes  to  assure  that 
some  undissolved  flakes  remained  on  the  bottom  of  the 
bath  after  all  the  crystal  blanks  had  dissolved. 

A  group  of  blanks  was  then  etched  in  this  bath 
from  14.8  MHz  to  20.0  MHz  (-^ -  =  17.6)  at  53°C.  SEM 
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photos  of  the  etched  surfaces  revealed  no  difference 
between  these  surfaces  and  surfaces  etched  the  same 
amount  in  a  fresh  etching  bath.  The  etching  rate  in 
the  depleted  etch  bath,  however,  was  lower  by  a  factor 
of  seven. 

No  attempt  was  made  to  chemically  analyze  the  de¬ 
pleted  etch  bath.  Judge18  has,  however,  examined  by 
Raman  spectroscopy  a  solution  of  NH^F  and  HF  ("7:1 
buffered  HF")  before  and  after  dissolving  SiOj  in  it. 

The  "before"  solution  showed  no  detectable  absorptions. 
In  the  spectrum  of  the  solution  with  SiO-  dissolved  in 
it,  "a  very  large  number  of  peaks  are  observed,  indica¬ 
ting  the  presence  of  multiple  product  species".  The 
lower  etch  rate  in  the  "depleted"  etch  bath  is  pro¬ 
bably  due  to  the  presence  of  a  high  concentration  of 
these  species. 

f .  Quality  of  Quartz  -  Natural  vs.  Cultured 

At  the  completion  of  chemical  polishing,  the  blanks 
are  inspected  for  etch  pits  and  etch  channels  using 
the  technique  described  earlier.  At  the  two  points 
where  an  etch  channel  intersects  the  blank  surfaces 
etch  pits  have  always  been  found,  however,  the  etch 
pits  are  not  always  associated  with  etch  channels. 
Although  the  effects  of  etch  pits  and  etch  channels 
on  resonator  performance  have  not  yet  been  determined, 
we  are  currently  rejecting  all  blanks  with  etch  chan¬ 
nels.  There  are  primarily  two  reasons  for  this.  First, 
the  etch  channels  are  probably  filled  with  ammonium  bi¬ 
fluoride  at  the  completion  of  etching.  Rinsing  the 
blanks  will  almost  cerainly  fail  to  remove  all  of  the 
fluorides  from  the  channels.  The  presence  of  fluorides 


in  the  etch  channels,  therefore,  is  likely  to  adversely 
affect  the  resonator's  stability.  Since  the  etch  rate 
through  the  etch  channels  can  be  about  100  times  as 
high  as  through  the  rest  of  the  blank,  even  lightly 
etched  blanks  may  contain  channels  which  extend  at 
least  part  way  into  the  blanks. 

The  second  reason  is  that  the  inspection  for  etch 
channels  can  be  performed  early  in  the  resonator  fabri¬ 
cation  sequence.  For  example,  in  the  fabrication  of 
circular  resonators,  a  deep  etch  and  inspection  for 
channels  can  follow  the  rounding  operation,  at  which 
point  the  cost  of  a  blank  is  still  relatively  small. 

The  deep  etch  at  that  point  can  also  serve  to  prepare 
the  blanks  for  fine  lapping  by  removing  material  from 
the  blanks  rapidly,  conveniently,  without  angle  change, 
and  without  producing  any  surface  damage.  (In  fact, 
the  deep  etch  removes  the  surface  damage  left  by  the 
previous  abrasive. ) 

Since  the  institution  of  the  deep  etch  followed 
by  inspection  as  part  of  our  resonator  fabrication  pro¬ 
cess,  we  have  inspected  well  over  one  thousand  natural 
quartz  blanks,  in  several  lots.  The  blanks  were  6.4  mm 
diameter,  and  were  intended  for  being  made  into  20  MHz 
fundamental  resonators.  The  incidence  of  etch  channels 
in  these  6.4  mm  diameter  blanks  was  between  30%  and 
40%,  i.e.,  in  each  lot,  60%  to  70%  of  the  blanks  were 
free  of  etch  channels.  In  larger  diameter  blanks, 
of  course,  the  incidence  of  etch  channels  is  higher. 

When  the  chemical  polishing  was  attemped  on  a 
group  of  cultured  quartz  blanks,  the  resulting  sur¬ 
faces  appeared  to  the  unaided  eye  to  be  unevenly  etched. 
A  closer  examination  of  the  surfaces  revealed  that  the 
poor  chemical  polish  was  due  to  a  very  large  number  of 
etch  pits  on  the  surfaces,  most  of  which  were  the  term¬ 
inations  of  etch  channels.  Figs.  19,  20  and  21  show 
SEM  micrographs  at  different  magnifications  of  one 
such  surface  showing  the  etch  pits  and  etch  channels. 
None  of  the  blanks  in  this  group  were  free  of  etch 
channels. 


Fig.  19.  A  cultured  quartz  blank  after  etching. 
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Fiq.  21.  Etch  channel  a1-,  the  bottom  of  an  etch  pit. 


were  in  this  second  category.  Fig.  22  shows  a  light  mi¬ 
crograph  of  how  such  a  blank  appears  during  inspection 
with  edge  illumination.  The  remaining  ten  varieties 
contained  a  large  number  of  etch  channels  per  cm2.  In¬ 
spection  of  blanks  from  the  worst  varieties  in  this 
group  is  comparable  to  observing  the  Milky  Way  at  night 
-  as  shown  in  Fig.  23. 


Fig.  23.  Etch  channels  in  a  blank  made  of  poor 
quality  cultured  quartz. 


To  investigate  how  the  different  varieties  of  cul¬ 
tured  quartz  compare  with  natural  quartz  with  respect 
to  the  incidence  of  etch  channels,  sixteen  varieties 
of  cultured  quartz  from  ten  different  growers  were 
deeply  etched  and  inspected  for  etch  channels,  ihree  of 
the  varieties  were  swept  quartz. 

The  sixteen  varieties  could  be  divided  into  three 
catagories.  One  variety,  a  swept  quartz,  was  free  of 
etch  channels.  Five  varieties  had  only  a  few  etch 
channels  per  blank  -  on  the  order  of  10  channels  per 
cm-  of  blank  surface.  The  two  remaining  swept,  varieties 


The  one  variety  which  was  free  of  etch  channels  was 
vacuum  swept,  at  Sandia  Laboratories  by  a  process  similar 
to  that  described  by  King1’.  Some  of  the  effects  of 
sweeping  in  vacuum,  as  opposed  to  sweeping  in  other 
atmospheres,  has  also  been  discussed  by  Krefft-  ,  and  by 
King  and  Sander  21 ,  who  showed  that  resonators  made  from 
vacuum  swept  cultured  quartz  exhibited  much  lower  fre¬ 
quency  offsets  after  burst  irradiation  than  resona¬ 
tors  made  from  natural  quartz  or  air  swept  c  Itured 
quartz . 

We  were  able  to  obtain  a  few  blanks  from  both  the 


139 


vacuum  swept  and  unswept  portions  of  the  same  bar  of 
cultured  quartz.  Whereas  the  blanks  from  the  swept 
portion  were  completely  free  of  etch  channels  (three 
blanks  were  etched,  each  15  mn  in  diameter)  the  blanks 
from  the  unswept  portion  contained  numerous  etch  chan¬ 
nels.  Fig.  24  shows  a  side  by  side  comparison  of  the 
swept  and  unswept  blanks  as  they  appeared  under  the 
microscope  with  edge  illumination.  Even  after  the 
swept  blanks  were  etched  further,  until  a  total  of 
300  um  was  removed  in  an  85°C  etch  bath,  not  a  single 
etch  channel  was  observable.  There  were,  however, 
several  etch  pits  visible  on  each  of  the  surfaces.  The 
number  of  etch  pits  on  the  vacuum  swept  blanks  appeared 
to  be  fewer  than  on  the  unswept  blanks,  although  the 
sample  sizes  were  not  large  enough  to  allow  us  to  draw 
a  definite  conclusion  about  this,  especially  since  there 
were  areas  on  both  types  of  blanks  which  were  free  of 
etch  pits. 


Fig.  24.  Vacuum  swept  vs.  unswept  blanks  from  the  same 
bar  of  cultured  quartz. 

Etch  channels  in  quartz  have  been  observed  pre¬ 
viously22*29.  They  are  probably  a  consequence  of  dis¬ 
locations  at  which  impurities  had  segregated6'22.  Impur¬ 
ities  dissolved  in  the  quartz,  particularly  those  which 
do  not  fit  into  the  lattice,  segregate  at  dislocations. 
There  is  a  strain  energy  associated  with  the  presence  of 
these  impurities  which  results  in  the  dislocation  being 
etched  more  readily  than  the  rest  of  the  surface,  i.e., 
the  activation  energy  for  etching  is  reduced  by  the  strain 
energy.  *he  dislocation  may  also  act  as  a  point  of  nu- 
cleation  of  attack.  In  such  a  case,  when  there  is  also 
a  considerable  heat  of  reaction,  the  heat  generated  can 
enhance  both  the  diffusion  and  the  rate  of  reaction  in  the 
vicinity  of  the  dislocation,  which  can  result  in  an  etch 
channel  and/or  etch  pit  being  formed.  Fig.  25  shows  an 
SEM  micrograph  of  etch  pits  on  the  surface  of  a  deeply 
etched  (Af  =  85fnff)  natural  quartz  blank.  In  natural 
quartz,  some  of  the  etch  channels  may  be  due  to  fission 
tracks  10 . 

Sweeping  is  known  to  be  able  to  remove  interstitial 
impurities  from  quartz.  The  low  incidence  of  etch  chan¬ 
nels  in  the  three  swept  quartz  varieties  is  probably  due 
to  the  relief  of  the  strain  energy  associated  with  these 
impurities.  The  difference  in  the  incidence  of  etch 
channels  between  the  vacuum  swept  quartz  and  the  other 
two  swept  varieties  (which  were  swept  in  air)  may  pos¬ 
sibly  be  accounted  for  by  the  fact  that  when  sweeping 
takes  palce  in  air,  as  the  impurities  In  the  crystal 
diffuse  toward  the  cathode,  impurities  from  the  air  can 
diffuse  into  the  crystal  from  the  anode  side20. 


quartz.  A  group  of  natural  quartz  and  a  group  of  one 
of  the  better  quality  cultured  quartz  blanks  were  etched 
and  inspected  for  channels.  From  the  group  of  natural 
quartz  blanks  the  ones  with  etch  channels  were  elimin¬ 
ated.  The  cultured  quartz  blanks  were  7.6  nm  diameter 
and  contained  about  ten  channels  per  blank.  The  two 
groups  of  blanks  were  etched  simultaneously  side  by 
side,  in  the  same  etch  bath,  at  85°C.  The  rate  of  etch¬ 
ing  was  measured,  as  usual,  by  measuring  -AI-  per  min- 

foff 

ute.  It  was  found  that  the  etch  rate  for  the  cultured 
quartz  group  was  1.6%  higher.  When  the  experiment  was 
repeated  with  a  group  of  natural  quartz  blanks  without 
any  etch  channels  and  a  group  of  poor  quality,  "Milky 
Way-like"  quartz,  the  etch  rate  of  the  “Milky  Way" 
quartz  was  found  to  be  4.9%  higher.  When  two  groups  of 
natural  quartz  blanks  were  etched  side  by  side,  al¬ 
though  the  groups  had  been  obtained  from  different  sup¬ 
pliers  and  had  different  initial  surface  finishes  (12 
um  vs.  3  um),  different  frequencies  (6.5  MHz  vs.  5  MHz), 
and  different  geometries  (circular  vs.  square),  the  two 
etch  rates  differed  by  less  than  0.2%.  (All  etch  rates 
are  measured  on  chemically  polished  blanks.) 


Fig.  25.  Etch  pits  in  a  deeply  etched  natural  quartz 
blank. 


The  Strengths  of  Chemically  Polished  Blanks 

The  theoretical  inherent  strengths  of  elastic  ma¬ 
terials  are  generally  orders  of  magnitude  greater  than 
the  measured  strengths  of  the  ordinary  forms  of  these 
materials.  This  reduction  in  strength  is  known  to  be 
caused  principally  by  surface  flaws,  such  as  scratches, 
which  concentrate  the  applied  stress  and  thereby  lead  to 
fracture  at  loads  which  are  much  lower  than  the  theo¬ 
retical  maximum.  Removal  of  all  flaws  from  the  surface 
permit  the  strengths  of  materials  to  approach  the  the¬ 
oretical  maximum.  For  example31,  the  theoretical 
strength  of  fused  quartz  (and  of  other  glasses)  is 
about  1.8  X  1010  N/m2.  The  actual  strengths  measured 
are  in  the  range  of  107  to  10B  N/m' .  However,  by  heat¬ 
ing  glasses  to  above  their  softening  point  (i.e.,  fire 
polishing)  the  surface  flaws  can  be  eliminated.  The 
strength  of  fire  polished  fused  quartz  has  been  measur¬ 
ed  to  be  as  high  as  1.5  X  1010  N/m2,  nearly  as  high  as 
the  theoretical  maximum. 

Since  the  surfaces  of  chemically  polished  quartz 
blanks  appear  to  be  free  of  surface  damage,  an  exper¬ 
iment  was  performed  to  determine  how  the  strengths  of 
these  blanks  compare  with  the  strengths  of  mechani¬ 
cally  polished  blanks  and  with  the  strengths  of  lap¬ 
ped  blanks.  The  experiment  consisted  of  supporting 
the  blanks  only  at  the  edge,  placing  a  spherical 


The  presence  of  etch  channels  also  seems  to  be  as¬ 
sociated  with  an  apparent  increase  in  the  etch  rate  of 


indentor  at  the  center  of  the  blank,  gradually  increas¬ 
ing  the  load  on  the  ini  enter,  and  measuring  the  load  re¬ 
quired  to  fracture  the  blank.  A  photograph  of  the  ap¬ 
paratus,  together  with  a  sketch  of  the  area  where  the 
indentor  contacts  the  blank,  is  shown  in  Fig.  26.  The 
indentor  was  a  steel  ball  which  was  connected  by  means 
of  a  shaft  to  a  platform  on  which  a  2000  ml  plastic 
beaker  could  be  placed.  The  load  on  the  indentor  was 
increased  by  pouring  water  into  the  beaker.  The  blank 
was  supported  by  a  0.5  mm  wide  rim  made  of  a  hard 
plastic. 


Fig.  26.  Apparatus  for  dank  strength  evaluation. 


A  group  of  twelve  20  MHz,  6.4  mm  diameter  AT-cut 
blanks  were  tested.  The  blanks  had  been  etched  15f0ff, 
from  a  3  um  lapped  initial  surface.  The  average  load 
on  the  indentor  at  breakage  was  2.2  kg.  Two  of  the 
blanks  did  not  break  when  the  beaker  was  overflowing 
with  water  -  a  load  of  3.1  kg.  (These  numbers  should  be 
considered  t-  be  only  a  semi-quantitative  indication  of 
the  inherent  strength  of  these  blanks,  because  for  ex¬ 
ample,  each  time  a  blank  fractured,  the  rim  on  which 
the  blanks  were  supported  was  damaged.  The  load  on  the 
next  blank,  therefore,  may  not  have  been  as  uniformly 
distributed. ) 

It  was  not  possible  with  this  apparatus  to  measure 
the  strengths  of  blanks  of  the  same  dimensions  which  had 
been  mechanically  polished  or  lapped  with  3  cm  abrasive, 
because  all  such  blanks  broke  due  to  the  weight  of  the 
platform  alone  (i.e.,  without  the  beaker)  -  a  weight  of 
157  gms. 

To  place  the  strength  of  the  chemically  polished 
blanks  in  perspective,  consider  the  fact  that  the  weight 
of  a  20  MHz  blank  of  6.4  mm  diameter  is  only  7.0  mg; 
i.e.,  the  ratio  between  the  average  load  on  the  indentor 
at  breakage  and  weight  of  the  blank  is  about  300,000. 
This  also  means  that  the  shock  level  at  which  the  load 
on  the  blank  due  to  its  own  weight  is  equal  to  the  aver¬ 
age  load  on  the  indentor  at  breakage  is  300,000g. 

To  obtain  a  rough  approximation  of  the  shock  levels 
the  20  Wiz  fundamental  chemically  polished  blanks  can 
survive  when  supported  by  four  point  mounts,  the  rim  on 
which  the  blanks  were  supported  was  reduced  to  four 
small  areas  90°  apart.  The  dimensions  of  each  area  were 
0.5  mm  in  the  radial  direction  and  0.4  mm  In  the  tan¬ 
gential  direction.  The  average  load  on  the  indentor  at 
breakage  was  thus  reduced  to  550  gms,  which  corresponds 
to  a  load  due  to  a  shock  of  about  80,000g. 

An  additional  Indication  of  the  high  resistance  to 
fracture  in  these  chemically  polished  blanks  Is  that 
when  some  14  am  diameter  blanks  were  etched  from  15  MHz 


to  above  100  MHz,  the  blanks  flexed  like  very  thin  sheets 
of  mica.  For  example,  holding  such  a  blank  at  diametri¬ 
cally  opposite  points  between  two  fingers  the  blank 
could  be  bent  about  90°  before  it  broke. 

The  Q  of  Chemically  Polished  Resonators 

The  Q  of  a  resonator  can  be  defined  by 

q  =  2tt  Energy  Stored 

Energy  Dissipated  per  Cycle 

The  energy  dissipated  per  cycle  is  the  sum  of  the  ener¬ 
gies  dissipated  by  the  various  loss  mechanisms.  For  a 
chemically  polished  resonator,  the  losses  may  be  due  to: 
the  mounting,  the  bonding,  the  electrodes,  contamination, 
the  atmosphere  surrounding  the  resonator,  the  intrinsic 
losses  in  the  quartz,  plus  the  losses  due  to  the  fea¬ 
tures  produced  by  chemical  polishing,  i.e.,  the  regu¬ 
lar  array  of  hills  and  valleys,  the  etch  channels  and 
the  etch  pits.  Q'1  can  therefore  be  expressed  as  the 
sum  of  the  Q'^'s  due  to  the  various  loss  mechanisms, 
i.e., 

_L  ,  1  .  1  ,  ...  +  1 

^  ^mounting  ^bonding  ^etch  pits 

If  the  regular  array  of  hills  and  valleys  due  to 
chemical  polishing  produces  an  inherent  Q  degradation, 
then  in  a  group  of  resonators  made  from  blanks  which 
received  the  same  chemical  polishing,  the  resonator 
with  the  highest  Q  represents  a  lower  limit  on  the  Q 
achievable  with  that  chemical  polish  (at  the  given 
frequency) . 

Since  these  investigations  on  chemical  polishing 
began,  we  have  fabricated  approximately  300  resonators 
using  chemically  polished  blanks.  All  of  the  resona¬ 
tors  were  fundamental  mode,  in  the  18  MHz  to  22  MHz 
range.  The  blanks  were  plano-plano,  6.4  mm  diameter 
natural  quartz.  Most  of  the  resonators  were  of  the 
high  shock,  nickel  electrobonded  type  described  pre¬ 
viously32.  The  depths  of  etch  ranged  from  Af  =  2f0ff 
to  Af  =  22f0ff.  The  surfaces  prior  to  etching  had 
been  lapped  with  3  um  MICROGRIT.  For  the  highest  Q 
resonators  in  each  group,  the  motional  capacitances 
ranged  from  12  fF  to  13.5  fF,  the  resistances  ranged 
from  3s;  to  50,  and  the  Q 1  s  thus  ranged  from  140,000  to 
210,000,  with  no  apparent  Q  degradation  with  depth  of 
etch. 

The  highest  Q  resonators  made  from  polished  blanks 
of  the  same  blank  geometry,  but  of  a  low  shock  nickel 
electrobonded  design33,  had  Q's  which  were  no  higher 
(Q  =  180,000)  than  the  highest  Q  resonators  made  from 
chemically  polished  blanks.  In  fact,  the  highest  0 
resonator  of  that  blank  geometry  we  have  made  to  date 
(Q  -  210,000)was  a  19  MHz  high  shock  resonator,  with  a 
depth  of  etch  of  Af  =  16f0ff. 

In  an  attempt  to  investigate  the  effect  of  an  ex¬ 
treme  amount  of  etching,  a  group  of  crystal  blanks  were 
etched  from  10.5  MHz  to  22.4  MHz,  which  corresponds  to 
a  Af  =  50foff.  Prior  to  etching,  these  blanks  had  been 
in  process  to  be  made  into  20  MHz  resonators.  Normallv. 
the  blanks  would  have  been  lapped  to  at  least  15  MHz 
with  3  um  MICRJGR1T  before  being  etched  to  the  final 
frequency.  Although  the  10.5  MHz  blanks  were  lapped 
with  the  3  um  abrasive,  the  amount  of  material  removed 
with  this  abrasive  was  much  less  than  usual,  and  the 
surface  finish  prior  to  etching  may  not  have  been  a 
true  3  um  finish. 

The  highest  Q  resonator  in  this  group  (of  eleven 
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Abstract 

The  observed  frequency  shifts  with  long  storage 
times  at  several  isothermal  temperatures  indicate  that 
diffusion  of  extraneous  material  into  the  Ti  Pd  Au  thin 
film  electrodes  controls  the  aging  process  of  8  MHz 
AT-cut  quartz  crystal  units.  Crystal  units  were  fabri¬ 
cated  using  electron  beam  deposited  Ti  Pd  Au  elec¬ 
trodes,  sealed  in  vacuum,  and  placed  in  isothermal 
aging  (80°C,  140°C,  160°C)  for  over  8000  hours.  The 
frequency  behavior  versus  time  was  found  to  be  complex 
in  that  the  frequency  first  rose  and  then  fell  as  time 
progressed.  A  non-linear,  least  squares  fitting  com¬ 
puter  program  was  used  to  analyze  the  aging  data. 
Several  mathematical  aging  models  were  used  in  the  pro¬ 
gram  to  fit  the  experimental  data.  The  best  fit  in¬ 
volved  two  separate  mechanisms:  the  first  was  a  fast 
(*v2-10  hour  time  constant)  saturating  process,  probably 
desorption;  the  second  was  a  slower  process  proceeding 
as  (time)^'^.  The  latter  result  suggests  that  the 
physical  frequency  aging  mechanism  was  associated  with 
diffusion  of  extraneous  material  into  the  Ti  Pd  Au 
electrodes.  The  activation  energy  for  this  process  was 
found  to  be  0.8  +  0.2  eV.  This  energy  is  consistent 
with  other  measurements  of  the  activation  energy  for 
diffusion  in  Ti  Pd  Au  thin  films.  With  the  identifi¬ 
cation  of  the  aging  mechanisms  as  contamination 
oriented,  we  now  understand  why  changes  in  the  process 
have  improved  performance:  electrode  evaporation  pro¬ 
ceeds  under  higher  vacuum  conditions,  and  extra 
cleaning  is  applied  to  all  units  before  sealing.  The 
purpose  of  the  higher  vacuum  is  to  reduce  the  density 
of  film  defects,  thus  producing  electrodes  which  are 
more  impervious  to  residual  contamination.  The  extra 
cleaning  reduces  the  post  seal  contamination  levels 
which  reduces  the  aging  frequency  shifts. 

In  general,  aging  data,  when  analyzed  using  mathe¬ 
matical  models  having  physical  interpretations,  offers 
the  device  and  process  designer  specific  information  as 
to  which  fabrication  processes  can  be  changed  in  order 
to  alter  device  performance. 

Introduction 

Early  isothermal  aging  (80,  140  and  160°C)  results 
showed  that  8  MHz  crystal  units  with  Ti  Pd  Au  elec¬ 
trodes  had  complex  frequency  shifts  (Figure  1).  Be¬ 
cause  the  average  frequency  first  rose,  but  then  fell 
to  negative  values,  it  was  clear  that  the  standard 
technique  of  plotting  linear  frequency  shift  versus  the 
logrithm  of  time  in  order  to  determine  end-of-life  per¬ 
formance  by  extrapolation  would  give  incorrect  esti¬ 
mates.  This  paper  reports  the  computer  analysis  of  the 
complex  Ti  Pd  Au  aging.  The  mathematical  analysis  used 
formulae  which  had  physical  interpretations.  The  for¬ 
mula  giving  the  best  fit  then  gave  us  insight  into  the 
physical  mechanisms  causing  the  complex  behavior.  Per¬ 
formance  improvements  from  prior  assembly  process 
changes  then  became  clearly  understood. 

Experimental  Procedure 

Crystal  Units 

The  AT-cut  crystal  plate  blanks  (5  Mm  lapped 
finish,  etched  100  kHz  and  cleaned)  were  loaded  into 
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Sloan  deposition  fixtures.  The  fixtures  were  equipped 
with  shadow  masks  to  define  the  electrode  patterns. 

The  fixtures  were  then  placed  in  an  electron  beam  evap¬ 
orator  (Temescal  FC-1800)  which  was  "dry  pumped"  using 
a  high  speed  turbomolecular  pump.  Pressures  were 
maintained  between  10~&  and  4  x  10“  5  torr  during  the 
deposition.  An  automatic  rate  controller  (Kronos, 

Inc.)  regulated  the  deposition.  The  thickness  of  each 
film  layer  W3S  held  constant  to  within  2%  at: 

Ti  :  1,500X 
Pd  :  5008 

Au  :  3 , 50oX 

After  deposition  was  complete  on  one  side,  vacuum  was 
broken,  the  fixtures  were  turned  over,  and  the  same 
procedure  was  carried  out  on  the  second  side  of  the 
quartz  blank.  Completed  units  were  unloaded,  and  leads 
were  thermocompression  bonded  to  the  electrode  tabs. 
Finally,  each  unit  was  vacuum  sealed  at  about  10“^  torr 
in  a  metal  can  having  feed-through  leads. 

Test  Set 

A  previously  described^  computer  controlled  test 
set  was  used  to  make  the  frequency  measurements.  The 
reproducibility  of  measurements  was  approximately 
+  0.5  Hz.  All  measurements  were  made  at  24  +  2°C,  and 
the  initial  measurement  before  starting  the  experiment 
was  considered  as  zero  time  and  zero  frequency. 

Aging  Ovens 

Commercial  ovens  (Fisher  and  A.T.L.)  were  used  to 
elevate  the  temperature  of  the  units.  Temperature  con¬ 
trol  was  typically  +  2C°  for  all  temperatures  (80,  140 
and  160 °C). 

Computer  Program 

3 

An  algorithm  developed  by  Marquart  was  used  to 
curve  fit  the  isothermal  aging  data.  The  program  con¬ 
tains  non-linear  least  squares  curve  fitting  routines 
making  it  ideal  for  the  complex  curves  exhibited  in 
these  experiments.  The  user  forms  a  function  with  up 
to  30  unknown  coefficients.  The  various  partial  deriv¬ 
atives  of  the  function  are  also  Included  in  the  main 
program.  Starting  with  an  initial  "guess"  set  of 
values  for  the  coefficients,  the  algorithm  solves  ma¬ 
trix  equations,  and  calculates  the  sum  of  the  squares 
of  the  residuals.  The  program  then  tries  to  minimize 
this  sum  to  within  a  user  defined,  arbitrarily  small 
number,  t  (5x10”-'  in  these  experiments).  The  algorithm 
performs  another  iteration  until  the  error  range  e  is 
satisfied.  The  list  of  coefficients  of  the  function 
giving  the  best  fit  is  then  printed  out. 

We  tried  several  mathematical  modtis  which  could 
be  identified  with  known  physical  processes.  These  are 
listed  in  Figure  2.  Equation  1  gives  the  standard  log 
t  plot;  a  straight  line  on  linear-log  paper.  Equa¬ 
tion  2  can  be  derived  on  the  basis  of  chemical  argu¬ 
ments  of  atoms  on  surfaces;  as  can  be  seen,  two  such 
mechanisms  with  different  time  constants  are  proposed 
here.  One  to  satisfy  the  early  positive  Af  shifts  and 
the  second  to  describe  the  later  negative  shifts. 
Equation  3  assumes  that  the  two  mechanisms  act  like  an 
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ordinary  charging  and  discharging  capacitor  with  time 
constants  of  and  respectively.  Equation  4  uses 
the  capacitor  model  for  the  first  mechanism  and  a  power 
law  for  the  second.  Equation  5  is  similar  to  Equa¬ 
tion  4  but  fixes  the  power  law  exponent  at  one-half. 

In  other  experiments  by  other  investigators,  it  has 
been  shown  that  sucj)  a  form  often  describes  diffusion 
of  atoms  in  solids. 

Results  of  Analysis 

Figure  3  shows  isothermal  data  for  three  tempera¬ 
tures.  Each  data  point  represents  the  average  frequen¬ 
cy  shift  of  9  units.  The  high  temperatures  accelerate 
the  aging  mechanisms  greatly.  The  160°C  data  is  espe¬ 
cially  good  for  comparison  of  the  curve  fitting  models 
because  of  the  accentuated  curvature.  Figure  4  com¬ 
pares  the  fit  obtained  for  the  various  models  for  the 
160°C  data.  For  this  and  the  data  at  80°  and  140°  the 
model  which  gave  the  best  fit  was  model  4  in  Figure  2; 
the  charging  capacitor  followed  by  a  power  law. 

Figure  S  shows  graphically  the  best  fit  curve  for  the 
160°C  data. 

Capacitor  Model 

The  time  constant  for  this  process  (A.)  was  a  few 
hours  at  25°C  with  an  ultimate  frequency  shift  (A  )  of 
about  0.5  ppm.  More  precise  values  for  the  capacitor 
model  are  lacking  because  only  a  few  measurements  were 
taken  before  saturation  occurred  and  also,  any  room 
temperature  shifts  occurring  after  sealing  and  before 
the  start  of  these  experiments  (^5  days)  were  not 
monitored.  Such  values  would  be  consistent  with  a  re¬ 
distribution  of  residual  contamination  within  the 
sealed  enclosure.  Since  the  resonator  frequency 
shifted  positively,  contamination  ('Vl  monolayer) 
tended  to  leave  the  electrode  surfaces. 

Power  Law  Model 

This  second  mechanism  dominates  the  overall  crys¬ 
tal  unit  stability.  Hence,  understanding  the  control¬ 
ling  physical  mechanism  may  suggest  ways  of  controlling 
the  unit  stability. 

Figure  6  lists  the  best  fit  exponent  values,  A^  in 
Equation  4.  The  average  value  is  very  close  to  one- 
half.  Theoretical  calculations”’'  and  experimental 
evidence®-*®  have  shown  that  diffusion  of  contaminants 
through  a  thin  film  is  governed  by  a  t0-5  law.  Since 
in  our  experiments  frequency  shifts  were  negative,  we 
propose  that  residual,  electrode  surface  contamination 
diffuses  into  the  T1  Pd  Au  films  while  additional  con¬ 
tainer  contamination  deposits  on  the  Au  surface.  Fig¬ 
ure  7  shows  this  model  schematically.  Auger  electron 
spectroscopy  confirms  that  surface  oxygen  levels  corre¬ 
late  with  the  magnitude  of  observed  frequency  shifts.  * 
However,  the  absolute  surface  mass  of  oxygen  could  not 
account  for  all  the  added  mass  needed  to  produce  the 
observed  negative  frequency  shifts.  Rutherford  back- 
scattering  experiments  showed  that  aged  Ti  Pd  Au  crys¬ 
tal  units  show  very^little  Interdiffusion  of  the  Tl  and 
Pd  metallic  layers.  Inhibition  of  interdiffusion 
typically  occurs  when  metallic  Interfaces  have  become 
oxidized.*2  Hence  lack  of  lnterdiffuslon  across  the 
Tl/Pd  and  Pd/Au  Interfaces  in  our  experiments  supports 
the  idea  that  surface  contamination  is  gettered  by  the 
titanium  and/or  palladium  layers. 

Additional  support  for  ths  idea  of  diffusion  con¬ 
trolled  frequency  shifts  for  Tl  Pd  Au  units  comes  from 
the  observed  activation  energy  in  these  experiments. 

An  Arrhenius  plot*  of  A-  from  equation  4  gave  a  value 
of  0.8  +  0.2  eV.  Diffusion  of  Tl  Pd  Au  thin  film  con¬ 
ductors  has  been  shown  to  be  activated  at  about  0.9  eV 
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by  Speight  et.  al.  and  Lau  . 

Operating  Procedures 

Ue  observed  in  our  laboratory  an  Improvement  of 
Tl  Pd  Au  aging  performance  when 

1.  extra  care  was  taken  to  clean  units  prior 
to  sealing,  and 

2.  films  were  deposited  under  improved  vacuum 
conditions  in  the  evaporator. 

The  computer  analysis  of  aging  data  followed  by 
physical  modelling  of  the  responsible  mechanisms  has 
explained  why  these  process  changes  have  been  effec¬ 
tive.  As  the  model  shows,  if  there  is  no  contamination 
sealed  within  the  unit  enclosure,  nothing  can  diffuse 
into  the  films  to  cause  large  negative  frequency 
shifts.  Likewise,  the  improved  deposition  conditions 
give  fewer  film  defects**’*’  reducing  the  number  of 
diffusion  paths  greatly.  That  is,  under  the  improved 
conditions,  the  top  gold  layer  has  the  desired  pro¬ 
tection  properties. 


We  have  described  here  another  tool  that  the  de¬ 
vice  designer  can  use  (Fig.  8) .  Aging  results  when 
analyzed  by  the  powerful  and  readily  available  Marquart 
curve  fitting  routine  can  yield  physical  insight  Into 
device  instabilities.  This  understanding  can  be  fed 
back  to  the  responsible  fabrication  process  step.  The 
effect  of  changes  in  a  process  step  can  then  be  moni¬ 
tored  by  another  iteration  of  the  aging  study. 

Or,  the  analysis  procedure  can  serve  as  a  process 
control  check.  That  is,  having  identified  acceptable 
aging  mechanisms,  the  curve  fitting  routine  could 
identify  new  and  unwanted  meerfanisms  in  product  should 
they  occur. 

Specifically,  we  have  identified  a  diffusion 
process  in  Tl  Pd  Au  electrode  films  using  this  tech¬ 
nique. 

Acknowledgmen  ts 

The  author  would  like  to  thank  R.  C.  Suadahl,  Jr. 
for  helpful  discussions  on  models  and  suggesting  the 
t*4  law,  T.  R.  Meeker  for  aging  data  and  R.  C.  Rennlck 
for  writing  the  user  program  for  the  Bell  Telephone 
Laboratories  computer  system. 

References 

1.  S.  H.  Olster  et.  al.,  29th  Annual  Symposium 
on  Frequency  Control,  May,  1975,  p.  105. 

2.  H.  F.  Cawley,  et.  al.,  29th  Annual  Symposium 
on  Frequency  Control.  May,  1975,  p.  113. 

3.  D.  W.  Marquardt,  J.  Soc .  Indust.  Appl.  Math.. 
11,  431  (1963). 

4.  W.  L.  Paschke,  Internal  communication,  1964. 

5.  Bardeen  and  Herring,  Imperfections  in  Nearly 
Perfect  Crystals.  Wiley  and  Sons,  N.Y.,  N.Y.,  1952. 

6.  J.  Crank,  The  Mathematics  of  Dlffualon. 
Clarendon  Press,  Oxford,  England,  1975. 

7.  W.  W.  Mullins,  J.A.P..  28,  No.  3,  333  (1957). 

8.  J.  D.  Speight  et.  al.,  IEEE  4th  Proc.  Relia¬ 
bility  Physics.  Las  Vegas,  Nevada,  March  1971,  p.  195. 

9.  J.  M.  Poate  et.  al.,  "Thin  Film  lnterdiffuslon 

I.  Au-Pd,  Pd-Au,  Ti-Pd,  Ti-Au,  Tl-Pd-Au,  and  Ti-Au-Pd, 

J. A.P..  46,  4275  (1975). 

10.  Seltzer  and  Jaffe,  Defects  and  Tranaport  In 
Oxides,  Planum  Frees,  N.Y.,  N.Y.,  1974,  p.  390. 

11.  J.  Blndell,  Internal  Coamunlcation,  2/27/75. 


146 


RELATIVE  FREQUENCY  SHIFT  (PPM) 


12.  J.  Beynon  and  L.  Olumekor,  Thin  Solid  Films. 

41  (1977)  L1-L2. 

13.  S.  S.  Lau  and  R.  C.  Sun,  Thin  Solid  Films.  10. 

273  (1972).  — 

14.  Y.  Namba  and  T.  Mori,  "Effect  of  Residual  Gas 
on  the  Film  Growth  Process",  Shinker  (Vacuum).  16. 

No.  3,  96  (1973).  ~ 

15.  J.  R.  Lloyd  and  S.  Nakahara,  J.  Vac.  Sci. 

Tech..  14,  No.  1,  655  (1977).  “ 


ISOTHERMAL  DATA  .TiPdAu  ELECTRODES 


ISOTHERMAL  DATA  .TiPdAu  ELECTRODES 


Figure  3 

The  accentuated  curvature  of  the  160°C  data  is 
ideal  for  analysis. 


Figure  1 

Complex  isothermal  aging  curves  for  Ti  Pd  Au  units. 

AGING  MODELS 


1.  Af  =  Aj  In  t  +  A2 

2.  Af  s  Aj  In  (l  +  V/\2)  —  A3  In  (l  +  ^4) 

3.  Af  =  A1(l-e"'/A*)  -Aj(i-s",/a«) 

4.  Af  =  Ai(l-e’,/A2)-A3  tA« 

5.  Af  *  A1(l-e'VA8)-A3(t-A4)0S 

t «  TIME  (HOURS) 

Ai,A2,A3,A4  •  ADJUSTABLE  COEFFICIENTS 

Figure  2  The  five  aging  model*. 
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FIT  QUALITY  FOR  THE  FIVE  MODELS 
(160°C) 


160°C  DATA 

MODEL 

SUM  OF  THE  SQUARES 

OF  THE  RESIDUALS  (Hz2) 

1. 

In  t 

1892.5 

2. 

DOUBLE  In 

30.0 

3. 

CAPACITOR  +  CAR 

66.7 

1  BEST 

h -  FIT 

1  MODEL 

4. 

CAP.  +  tA4 

10.6 

5. 

CAP.  +  t0S 

16.0 

Figure  4  Fit  quality  for  the  five  models  (160°C  data). 


BEST  COMPUTER  FIT  (160#C  DATA) 


Figure  S  Best  computer  fit  for  the  160°C  data. 
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PROPOSED  TiPdAu  DIFFUSION  AGING  MODEL 


BEST  FIT  A4  COEFFICIENT  VALUES 


TEMPERATURE 

A4  IN  t*4  MODEL 

80  *C 

0.635 

140  *C 

0.492 

160  *C 

0.533 

AVERAGE  O.SS3 


Figure  6 

The  besc  fit  (Equation  4)  coefficient  values. 
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Figure  7 


Schematic  drawing  of  the  proposed  T1  Pd  Au  diffusion 
aging  model. 


THE  ANALYSIS  LOOP  IN  AN  ASSEMBLY  PROCESS 


Figure  8 


The  analysis  loop  in  an  asseably  process. 


A  NEW  "ELECTRODELESS"  RESONATOR  DESIGN  + 

Raymond  J.  BESSON 

Ecole  Nationale  Sup€rieure  de  Chronomdtrie  et  de  Micromecanique 
La  Bouloie  -  Route  de  Gray 
25030  BESANCON  CEDEX,  FRANCE 


Summary 


In  a  recent  paper,  new  structures,  all  using 
uncoated  crystals,  have  been  out-lined  (and  called 
B.V.A>n  designs). 

The  main  purpose  of  this  paper  is  to  give  a 
complete  description  of  the  B.V.A.2  design.  In  this 
design,  the  active  part  of  the  crystal  is  connected 
to  the  dormant  part  by  little  quartz  "bridges'*,  which 
can  be  very  precisely  made  and  located.  As  the  fixa¬ 
tion  is  made  out  of  quartz,  there  is  no  ordinary 
bonding  and  among  the  consequences  no  discontinuity 
is  caused  by  the  fixation.  Also,  it  is  possible  to 
avoid  the  stresses  which  could  be  caused  by  the 
machining  of  the  quartz  "bridges”.  Since  the  electro¬ 
des  are  located  on  insulators  very  close  to  the  acti¬ 
ve  surface  of  the  wafer,  the  frequency  of  the  device 
can  be  easily  adjusted  by  means  of  a  serie  capacitan¬ 
ce.  Nevertheless,  the  construction  of  the  device 
allows  a  very  accurate  frequency  adjustement.  As 
consequences  of  the  construction  acoustic  losses  are 
extremely  low,  a  very  high  Q  factor  is  obtained  and 
the  short  term  and  long  term  stabilities  are  improved. 

The  first  part  of  the  paper  deals  with  the 
construction  parameters  (wafer  evaluation,  excitation 
conditions  and  resonator  mounting).  Especially,  the 
shape,  dimensions  and  location  of  the  quartz  "bridges" 
are  studied.  The  influence  of  the  gap  is  discussed. 

In  the  second  part  of  the  paper,  resonators 
constructed  according  to  the  design  are  studied  by 
various  techniques.  Acceleration  effects  are  discussed. 
For  comparison  purposes,  numerical  data  concerning  AT 
5  MHz  fifth  overtone  units  are  given  (electrical  para¬ 
meters,  frequency  spectrum,  stabilities,  amplitude 
frequency  effect,...).  Nevertheless,  some  results  con¬ 
cerning  other  frequencies  and  S.C.  cuts  are  also  given. 
The  problem  of  industrial  fabrication  is  quickly  discus¬ 
sed. 

As  a  conclusion,  the  various  results  are 
reviewed  and  discussed  (from  the  fundamental  and 
technical  points  of  view  as  well). 

Key  Words  :  Piezoelectric  Resonator,  Quartz 
Unplated  Crystals,  Electrode  Effects,  Bonding  Effects, 
Frequency  Stablility,  Aging,  Frequency  Adjusting, 
Crystal's  Noise  Reduction. 


Introduction 


In  a  recent  paper  *  ,  we  pointed  out  that 
mastering  the  boundary  phenomena  could  reduce  the 
aging  and  crystal's  noise  contribution  as  well. 

New  structures,  all  using  uncoated  crystals,  were 
outlined  and  called  B.V.A.n  designs  : 

-  if  n  is  odd,  a  rather  conventional  bon¬ 
ding  and  a  special  fixation  is  used.  (In  the  B.V.A.j 
type,  described  last  year,  the  main  feature  is  that 
the  crystal  is  "electrodeless"  and  frequency  modula- 
ble)  . 

-  if  n  is  even,  the  design  uses  improved 
bonding  and  mounting. 

This  denomination  indicates  two  successive 
steps  of  our  attempt  to  reduce  the  crystal's  noise 
and  frequency  drift  contribution. 

Since  the  B.V.A.3  design  is  an  improvement 
of  the  B.V.A.]  design  it  will  be  very  rapidly  descri¬ 
bed  using  the  scheme  of  Fig.l.  The  vibrating  quartz 
crystal  C  of  a  given  cut,  orientation,  geometrical 
shape  (in  Fig. J  a  planoconvex  disk)  is,  for  instance, 
TC  bonded  (3  or  even  4  bonding  points  ref.T)  to  the 
lower  disk  D|  (which  has  been  given  a  curvature  iden¬ 
tical  to  the  curvature  of  the  wafer's  lower  suiface). 
Dj  is  usually  made  out  ot  quartz  of  the  same  cut  and 
orientation.  The  electrodes  are  evaporated  on  the 
lower  disk  Dj  and  the  upper  disk  D21  or  D22*  The  upper 
didk  is  not  necessarily  made  out  of  quartz  and  may 
have  any  radius  of  curvature.  The  intermediate  ring 
R  determines  the  upper  gap  giving  access  to  frequency 
adjustement  or  modulation.  Compared  to  B.V.Aj  type 
this  design  has  mainly  the  same  properties  but  the 
characteristic  features  are  greatly  improved  in 
severe  environmental  conditions. 

b.v.a.2  RESONATORS 


Special  emphasis  is  given  to  this  design 
which  overcomes  some  difficult  problems  caused  by 
the  conventional  evaluation  of  piezoelectric  reso¬ 
nators.  We  mainly  describe  here  quartz  material 
5  MHz  units  but,  of  course,  other  piezoelectric 
materials  can  be  used  and  resonators  of  various 
frequencies  have  been  evaluated. 


This  work  is  supported  by  the  "Direction 
des  Recherches  et  Moyens  d'Essais",  D.R.M.E. 
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I  -  Introduction  and  general  description  :+ 


Our  goal  was  to  obtain  an  "elec trodeless" 
resonator  (so  as  to  overcome  the  difficulties  due  to 
electrode  deposition)  with  a  fixation  exhibiting  nei¬ 
ther  discontinuity  nor  local  stress  in  the  fixation 
areas.  We  wanted  to  obtain  a  device  the  frequency  of 
which  could  easily  be  adjusted  by  means  of  a  series 
capacitance.  Then  a  large  gap  capacitance  is  suitable 
i.e.  electrodes  have  to  be  located  very  close  to  the 
active  surface  of  the  wafer  (in  the  micron  range  or 
even  the  10  microns  range).  Also,  and  this  is  very 
important  too,  we  planned  to  obtain  fixation  areas 
very  accurately  located  and  fixation  means  precisely 
known. 

The  B.V.A.^  resonator  is  represented  by  the 
schemes  of  Fig. 2  -  Fig. 3  -  Fig. 3a  -  Fig. 6  and  Fig. 7 
and  the  pictures  of  Fig. 4  and  Fig. 5.  It  includes  : 

-  a  vibrating  quartz  crystal,  ref.C,  the 
surface  of  which  has  been  very  carefully  prepared. 

The  active  part  of  the  crystal  is  connected  to  the 
dormant  part  by  little  quartz  "bridges"  very  precise¬ 
ly  made  and  located. 

-  a  quartz  condenser  made  of  two  disks  (ref. 

Dj  and  D2)  of  the  same  cut  and  orientation  on  which 
the  electrodes  are  deposited. 

-  means  to  maintain  the  condenser  and  crys¬ 
tal  tighted  together  (it  can  be  those  recently  des¬ 
cribed  *). 

-  a  metallic  experimental  enclosure  which  is 
sealed  by  a  pinch  off  process  (a  special  coldwelded 
type  enclosure  has  been  made  but  not  tested  yet) . 

It  must  be  pointed  out  that  some  construction 
parameters,  especially  the  support  configuration  para¬ 
meters,  can  be,  using  this  design,  very  precisely 
known. Also  since  the  crystal  is  "electrodeless"and 
uses  an  all  quartz  structure  it  is  very  suitable  for 
low  temperature  applications ^  .  Moreover,  the  elec¬ 
trodes  may  be  deposited  on  insulators  which  have  been 
given  a  curvature  different  from  the  crystal  surface’s. 
This  feature  gives  access  to  additional  possibilities 
and  may  be  used  to  modify  Q  factor,  mo tionnal  parameters 
series  resistance  and  frequency  amplitude  effect. 

Such  a  resonator,  beeing  entirely  different 
from  a  conventional  resonator,  needs  theoretical  and 
technical  studies  specially  devoted  to  it. 

2  -  Evaluation  of  the  vibrating  crystal  : 


The  original  part  of  this  evaluation  will 
only  be  described  here.  By  use  of  ultrasonic  machi¬ 
ning  and  precise  lapping  3  little  bridges  are  left 
between  the  external  dormant  part  of  the  crystal  and 
the  internal  vibrating  part.  Those  bridges  have  a 
given  shape,  a  given  thickness,  a  given  lenght. 

The  schemes  of  Fig. 6  outlines  various  possible  shapes. 
The  bridges  can  be  very  precisely  located  with  res¬ 
pect  to  the  thickness  of  the  crystal  (accuracy  of 
the  location  :  ♦  10m).  Their  angular  position  can 
also  be  very  precisely  known  (♦  0.04°).  Of  course, 
the  technique  has  to  be  perfectly  mastered  (for 
instance,  avoiding  a  conical  ultrasonic  machining  is 
not  immediate)  but,  with  sufficient  experience,  the 


+F.  Patent  76  01  035  -  76  16  289. 


process  can  be  considered  as  sure,  rapid  (2  or  3  mi¬ 
nutes)  and  very  accurate.  As  a  consequence  the  middle 
part  of  the  bridges  can  be  located  at  the  very  nodes 
of  vibration.  Also,  unwanted  modes  can  be  better  eli¬ 
minated.  Since  the  thickness  in  the  middle  part  ot  the 
bridges  has  ranged  from  50m  to  1200m  (the  usual  is 
approximately  200m)  the  bridges  are  not  especially 
brittle.  Any  number  of  bridges  can  be  left.  Especially 
one  single  bridge,  covering  360°  angulary,  may  be  di¬ 
rectly  lapped  so  avoiding  the  ultrasonic  machining 
(Fig. 3  a). 

It  must  be  pointed  out  that  the  machining 
does  not  destroy  the  material  from  the  cristallogra- 
phic  point  of  view  as  can  be  seen  from  Fig. 8  (vi¬ 
brating  5  MHz  fifth  overtone,  SID  or  Lang  topography). 

Moreover,  ro  additional  stresses  are  left 
by  the  machining  if  the  quartz  wafer  is  subjected, 
prior  to  mounting,  to  annealing  at  about  480°C, 
followed  by  a  very  slight  surface  attack  with  bifluo¬ 
ride  . 

The  lenght  and  thickness  of  the  bridges 
have  been  theoretically  ^  studied.  Assuming  a  flexure 
vibration  of  the  bridge,  it  is  found  that  a  length 
of  2  mm  and  a  thickness  of  0.2  mm  is  a  good  compro¬ 
mise  between  a  weak  static  strain  and  a  minimum 
acoustical  energy  transmission  between  the  vibrating 
and  dormant  part  of  the  crystal  (5  MHz  fifth  overto¬ 
ne)  . 

3  -  Reflection  of  the  elastic  waves  and  influence  of 


the  gap  : 


The  reflection  of  the  elastic  waves  is  not 
influenced  by  the  position  of  the  electrodes  with 
regard  to  the  crystal  surface.  It  mainly  depends  on 
phenomena  which  occur  in  the  boundary  neighbourhood 
and  which  are  due  to  crystalline  modifications  cau¬ 
sed  by  machining  processes  and  surface  preparation. 

The  sample  surface  is  carefully  lapped  and 
polished,  so  as  to  reduce  the  layer  in  which  acous¬ 
tic  dissipation  occurs.  Defects  due  to  machining 
processes  are  carefully  investigated  (X  ray  topogra¬ 
phy,  electron  microscopy  and  so  on)  so  as  to  define 
the  best  procedures  ° .  As  far  as  possible,  we  operate 
in  a  clean  room  atmosphere,  try  to  process  the  crys¬ 
tal  in  dry  nitrogen  and,  of  course,  use  the  results 
of  recent  investigations  for  cleaning  and  decontami¬ 
nation  ® . 

The  influence  of  the  gap  has  been  studied. 
Experimental ly-  the  Q  factor  is  not  a  constant  versus 
the  total  gap  .  The  variation  depends  on  the  frequen¬ 
cy  and  overtone  number  of  the  unit.  Of  course,  the 
variation  is  not  important  (smaller  than  10  p.cent 
for  gap  variations  from  0  to  1  mm). 

Nevertheless  an  investigation  was  started  and  proved 
that  usual  equivalent  circuit  is  not  sufficient  5 . 

So,  starting  from  the  exact  expression  of  the  current, 
we  computed  the  Q  factor  versus  the  gap  (assuming  a 
plane  infinite  plate)  and  found  a  variation  which 
gives  a  better  account  of  the  results. 

Actually,  a  compromise  must  be  choosen. 

The  series  resistance  and  the  motionnal  inductance 
strongly  increase  with  the  gap.  Also,  the  frequency 
of  the  unit  must  be  easily  adjusted  by  a  series 
capacitance  ;  so  very  thin  gaps  are  suitable. 
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But  the  mechanical  stability  of  the  gap  thickness  is 
to  be  considered  too,  if  ultrastable  units  are  desi¬ 
red.  For  a  5  MHz  fifth  overtone  we  use  gaps  in  the 
micron  or  10  microns  range.  Nevertheless  for  resona¬ 
tors  on  the  fundamental  mode  the  gap  can  be  larger. 

Usually,  the  gaps  are  made  by  a  special 
lapping  ^  process  which  affects  the  central  area  of 
0 |  and  D2  (see  Fig. 2).  They  can  also  be  made  by  nickel 
eiectrodeposi tion  as  suggested  by  Fig. 7.  It  must  be 
pointed  out  that  slightly  different  gaps  can  be  made 
so  giving  access  to  very  precise  frequency  adjuste- 
ment  (1  Hz  for  a  5  MHz  fifth  overtone  unit). 


Main  Characteristics  of  B.V.A.2  Resonators 


As  pointed  out  last  year,  B.V.A^  resonators 
are  given  more  interest  in  the  high  frequency  range 
since  the  electrode  and  bonding  phenomena  are  relati¬ 
vely  larger  for  high  frequency  crystals. 

Nevertheless,  for  comparison  purposes,  numerical  data 
concerning  AT  5  MHz  fifth  overtone  units  are  given. 


I  -  Electrical  parameters  : 


Resonators  evaluated  with  good  natural 
quartz  correspond  to  Q  factor  and  series  resistance 
given  by  : 

Q  =  3  10  6  Rj  =  60ft 

We  are  presently  conducting  an  investigation 
covering  the  following  types  of  material  : 

-  Natural  Quartz  (various  origins) 

-  Electronic  Grade  Quartz  (various  origins) 

-  Optical  Grade  Sawyer  Quartz 

-  Premium  Q  Sawyer  Quartz 

-  Premium  Q  Sawyer  Swept  Qua. 

2  -  Stabilities  : 


The  results  concerning  the  shoi  term  sta¬ 
bilities  have  already  been  given  *  ;  some  improvements 

have  been  obtained  but  they  are  not  significant. 

Long  term  drift  experiments  have  been  car¬ 
ried  out  in  our  Laboratory  (M.  Decailliot  and 
J.  Chauvin).  The  reference  is  a  Cesium  beam  standard. 

A  Butler  oscillator  is  used  ;  the  level  of  oscillation, 
which  is  about  lnw,  is  regulated  (approximately  to 
I0"4)  and  the  temperature  is  stable  to  better  than 
over  large  periods  of  time.  The  signals  are 
10  times  frequency  divided  ;  then  phase  compared. 

The  intervals  of  time  between  two  phase  coincidences 
are  automat ical ly  recorded.  Using  B.V.A^  crystals, 
not  pre-aged  at  all,  the  following  drifts  per  day 
have  been  obtained  : 

-  immediately  :  2  to  2.5.10  ^ 


Nevertheless,  this  result  must  not  be 
regarded  as  definitive  as  long  as  ve  don't  use  a 
coldwelded  type  enclosure,  (in  our  experimental  sol¬ 
dered  enclosure  the  crystal  is  contaminated  and  it 
cannot  be  baked  and  pumped  down  at  temperatures 
higher  than  the  solder  melting  point). 


3  -  Static  acceleration  effects  : 


B.V.A.^  resonators  of  various  types  (dif¬ 
ferent  support  configuration,  plano-convex  or 
bi-convex  units)  have  been  studied  and  tested  in  the 
"Office  National  d'Etudes  et  de  Recherches  Aerospa- 
tiales"  (ONERA)  by  M.  Valdois  and  D.  Janiaud. 


The  experiments  performed  are  principaly 
related  to  the  influence  on  the  resonator  frequency 
of  the  direction  of  an  acceleration  of  constant 
modulus.  Resonators  have  been  tested  either  in  passi¬ 
ve  networks  or  in  an  oscillator  loop.  Acceleration 
vectors  in  three  orthogonal  planes  associated  to 
the  resonator  are  applied.  Experimental  results  are 
similar  to  those  obtained  with  customary  2  or  3  sup¬ 
port  units.  All  frequency  deviations  are  sinusoidal 
functions  of  azimuth  angle  (the  zeros  of  these  func¬ 
tions  define  null  influence  directions).  Those  3 
directions  of  null  influence  determined  by  studying 
the  3  associated  planes,  belong  to  a  same  plane  which 
is  called  "accelerometric  null  influence  plane"?. 
Thus, it  is  proved  that  a  plane  exists  in  which  any 
acceleration  has  no  measurable  influence  on  the 
resonator  frequency  (the  frequency  variation 

is  measured  with  a  10  **  accuracy).  As  a  consequence 
the  direction  perpendicular  to  this  plane  is  the 
maximum  influence  direction. 


Mainly,  the  following  B.V.A.2  AT  resonators 
have  been  tested  : 

-  plano-convex  resonator  with  a  single  360°  bridge. 
Maximal  values  of  the  sensitivity  from  4. 10”^/g  to 

8. 10~9/g  have  been  recorded.  It  must  be  pointed  out 
that  the  symetry  of  the  bridge  with  respect  to  the 
center  of  the  resonator  was  not  guaranteed  by  the 
machining. 

-  plano-convex  four  bridge  resonator  (bridges 
along  Z  Z'  and  X  X').  Maximal  sensitivities  of 
1.5.10"9/g  to  2.10”9/g  have  been  recorded.  (This  is 
slightly  less  than  values  recorded  for  a  traditional 
two  or  three  support  unit). 

-  bi-convex  (Rj  =  R2  =  150  ram)  four  bridge  resona¬ 
tor.  The  maximal  sensitivity  is  lower  than  10-y/g. 

In  any  case,  no  residual  frequency  deviation 
is  observed  when  the  acceleration  is  suppressed.  Re¬ 
cent  theoretical  studies  have  shown  the  influence  of 
support  conf iguration^  or  slight  dissymetries-  on  accel¬ 
erometric  sensitivity.  Application  of  these  results  to 
B.V.A.2  resonators  appear  as  rather  complex  because  of 
the  great  variety  and  special  features  of  the  support 
configurations.  Experimental  results  confirm  the  great 
influence  of  the  fixation  and  the  interest  of  bi-convex 
contours . 


-  after  a  month 
3. 10“ 1  * 


continuous  operation  : 


-  after  two  months  continuous  operation: 

7.1(f  12  to  1.10'" 

The  experiments  are  going  on  but  the  regular  decrease  of 
ttedrift  is  to  he  pointed  out. 


4  -  Other  cuts  and  other  frequencies  : 


B.V.A.2  resonators  have  been  made  using 
other  cuts  especially  S  C  cuts.  (5  MHz  fifth  and  third 
overtones  10  MHz  third  overtone).  Interesting  results 
have  been  obtained  (especially  much  lower  amplitude 
frequency  effect). 
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The  acceleration  sensitivity  is  found  to  depend  lar¬ 
gely  on  some  parameters  and  especially  on  the  fixation 
configuration  and  evaluation  (we  preferentially  use  a 
four  bridges  support  configuration). 


7  -  M.  Valdois  -  D.  Janiaud  to  appear  in  Applied 
Physics  letters. 


D.  Janiaud  C  R  Acad.  Sc.  Paris. 


Resonators  100  MHz  fifth  overtone  have  also 
been  constructed  and  encouraging  results  have  been 
obtained  (high  Q  factors  and  easy  frequency  adjuste- 
ment) . 


9  -  P  C  Y  Lee  and  Kuang-Ming-Wu  Proc.  30  A.F.C.S. 
p.p.  I  -  7  1976. 


Evolution  and  cost  of  the  fabrication  processes  : 


Over  one  hundred  crystals  have  been  evalu¬ 
ated,  generally  unit  by  unit.  When  greater  quantities 
are  made  some  operations  can  be  simplified  (especial¬ 
ly  frequency  adjustement) .  To  our  experience,  it  ap¬ 
pears  that  the  fabrication  cost  of  a  B.V.A.^  unit  can 
be  reduced  to  1.2  or  1.5  time  the  cost  of  a  traditional 
unit  of  the  same  frequency. 


Conclusions 


By  use  of  a  fixation  made  out  of  quart?  the 
discontinuities  and  the  stresses,  usually  caused  by  the 
traditional  bonding  processes,  are  avoided.  The  fixation 
location  and  characteristics  are  very  precisely  known. 
Since  the  electrodes  are  located  very  close  to  the 
active  surface  of  the  vibrating  crystal,  the  frequen¬ 
cy  of  the  device  can  be  easily  adjusted.  Nevertheless 
the  gaps  evaluation  allows  a  very  accurate  frequency 
adjustement. 
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BVA  3  Resonator 


As  consequences,  very  low  acoustic  losses 
and  improved  stabilities  are  obtained.  It  also 
appears  that  some  properties  related  to  acceleration 
effects  are  interesting  (especially  there  is  no  per¬ 
manent  residual  frequency  deviation). 


Figure  1.  BV*3  Resonator 


B.V.A.2  resonators  are  interesting  for 
fundamental  studies ,  since  their  structure  is  very  dif¬ 
ferent  from  the  usual,  (precision  of  fixation  means, 
properties  related  to  heat  transfer  and  crystal's 
noise  contribution,  additional  construction  parame¬ 
ters,...). 


Those  provisional  results  can  provide  di¬ 
rection  for  future  research  in  the  field  of  uncoated 
resonators  and  indicate  promissive  developpments . 
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Introduction 

Although  the  AT  cut  quartz  plate  has  a  zero 
temperature  coefficient  of  frequency  at  a  certain 
temperature,  it  is  sensitive  to  sudden  small  tempera¬ 
ture  changes.  It  is  also  sensitive  to  forces  of 
acceleration. 

The  AT  plate  is  a  'singly  rotated1  orientation. 

In  IEEE  nomenclature,1  it  is  specified  as  a  (yxl)0  cut. 
This  means  that  the  plate  is  related  to  an  unrotated 
reference  plate  that  has  its  thickness  in  the  Y  direc¬ 
tion  of  the  crystal,  and  its  length  in  the  X  direction 
(see  Fig.  1).  The  rotated  cut  is  considered  as  being 
the  reference  crystal  rotated  counterclockwise  by 
amount  9  about  its  length,  as  shown  in  Fig.  2.  For 
an  AT  plate  0  has  the  value  35.25°,  i.e.,  it  is 
(yxS.)35.25°  cut.  There  are  several  other  zero  tempera¬ 
ture  coefficient  cuts  with  different  modes  of  vibra¬ 
tion,  all  developed  before  1941;  such  as  the  BT,0  = 

-49°,  CT,8  =  38°,  DT,8  =  -52°,  ET,0  =  66°,  and  the 
FT,0  =  -57°.  There  are  other  orientations  for  which 
it  is  easier  to  start  with  a  different  reference 
orientation.  One  such  is  the  (xyt)-18°,  many  of  which 
were  made. 

The  planning  of  these  orientations  depended  on 
measurements  of  the  elastic  constants  and  expansion 
coefficients,  assuming  these  to  be  linear.  However, 
such  relations  are  never  strictly  linear.  Quartz  has 
six  elastic  constants  relating  stress  to  strain. 
Measurements  of  higher  order  terms  have  been  made  and 
orientations  planned  that  greatly  improve  performance 
of  such  oscillator  plates.  "5  These  orientations 
require  a  second  rotation  from  the  reference  position, 
as  shown  in  Fig.  3. 

Doubly  Rotated  Plates 

The  making  of  doubly  oriented  cuts  can  be  confus¬ 
ing,  because  one  must  keep  track  of  several  things,  any 
of  which  if  done  wrong  will  result  in  a  greatly 
inferior  product. 

Preparation 

We  will  assume  that  we  wish  to  make  (yxwt)<)>/e 
plates  and  that  we  will  slice  them  off  the  end  of  a 
bar,  not  straight  across,  but  at  a  complex  angle  which 
we  must  determine.  We  will  make  the  bar  of  convenient 
length  (along  the  Y  axis)  and  convenient  cross-section. 
Two  opposite  long  faces  of  the  bar  are  perpendicular 
to  the  optic  axis,  that  is  these  faces  are  (00.1) 
planes.  The  other  two  long  faces  are  perpendicular 
to  the  X  axis,  that  is  they  are  (11.0)  planes.  We 
must  determine  which  of  these  Is  to  be  taken  as 
the  positive  X  face.  The  X  and  Z  faces  may  need  to 
be  X-ray  corrected. 

Quartz  comes  in  two  kinds,  right-handed  and  left- 
handed.  A  simple  optical  test  distinguishes  these. 
Looking  along  the  optic  axis  with  the  sample  between 
polarizing  filters,  one  sees  concentric  rings  about 
the  optic  axis.  If  these  rings  expand  when  the  analyzer 
is  turned  clockwise,  the  quartz  is  right-handed;  if 
they  contract,  the  quartz  is  left-handed.5 


For  right-handed  quartz,  compression  along  the 
X-axis  develops  a  positive  electric  charge  on  the  +X 
face,  a  negative  charge  on  the  -X  face.  For  left- 
handed  quartz,  compression  along  the  X-axis  develops 
a  negative  charge  on  the  +X  face,  and  a  positive  charge 
on  the  -X  face.  These  charges  can  be  detected  by 
means  of  a  sensitive  voltmeter,  or  other  suitable 
detectors. 

Another  method  which  determines  the  positive  X  face 
is  visual  inspection  of  etch  pit  patterns.7"8  After 
heavily  etching  the  X  faces  in  a  suitable  etchant  such 
as  ammonium  biflouride  in  a  sugar  solution,  a  pin-hole 
oriascope  may  be  used  to  determine  in  one  test  whether 
the  quartz  is  right-or  left-handed,  and  which  X  face 
is  the  positive  one. 

We  may  also  initially  buy  cultured  quartz  which 
has  been  marked  by  the  vendor.  Whatever  method  is 
used,  we  now  stain  the  +X  face  of  the  bar  red.  Since 
the  X  axis  is  an  axis  of  two-fold  synmetry,  the  bar 
may  be  turned  180°  about  X  if  necessary,  thus  reversing 
Y  and  Z  without  affecting  the  behavior  of  the  finished 
plates. 


A  plate  (yxa)t)i)>/P  has  its  thickness  direction 
along  a  unit  vector 


-  cos  6  sin 
cos  0  cos 


as  can  be  seen  from  Figs.  1,2,  and  3. 

We  define  a  set  of  'saw  coordinates',  S,  along  the 
direction  of  the  sliding  saw  table  motion,  parallel 
to  the  saw  blade  zxis  and  S3  to  form  an  orthogonal 
right-handed  unitary  system,  see  Fig.  4.  We  place  the 
crystal  bar  on  the  saw  table,  a  Z  face  up,  +X  (red 
face)  toward  us  as  shown  in  Fig.  5. 

If  $  and  8  are  both  positive,  we  now  roll  the  bar 
about  Sz,  the  top  going  away  from  us.  The  angle  of 
roll  is  6.  This  roll  changes  the  component  of  t  on  S 
to; 
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If  tan  S  ■  tan  e/sin  $  (' 

the  S3  component  vanishes.  A  rotation  of  amount  y 
clockwise  about  S3  is  given  by: 


t  = 
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+  sinY  cose  cos<t>  ) 

sinY  cosB  cose  sin<f  +  sinY  sing  sine  +  cosy  cose  cosp 

0 


Since  t  is  unitary,  if  t]  »  0,  then  t2  =  ±  1 , 
occurs  for 

tanY  *  cosg  tans))  +  sing  tan0/cos4>  . 

From  Eqs.  (1)  and  (2)  we  derive 
tanY  »  tan  $/cosB, 
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or 
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To  mount  this  on  the  saw,  we  use  matched  wedges 
of  angle  6  =  90°  -  B  and  use  a  protractor  to  position 
the  bar  at  angle  y  as  shown  in  Fig.  6.  Now  dental 
plaster  is  pushed  under  and  around  the  center  of  the 
bar.  This  hardens  within  15  minutes.  The  wedges 
are  then  removed  and  more  dental  plaster  is  pushed 
under  the  ends.  When  this  hardens,  we  may  slice 
off  the  wafers. 

This  procedure  can  be  greatly  simplified  if  we 
can  obtain  cultered  quartz  where  the  first  rotation 
about  the  width  is  already  "grown"  into  the  bar.’ 

Then  if  the  bar  axes  are  suitably  identified,  slicing 
crystal  plates  is  the  same  as  cutting  any  of  the 
singly-rotated  cuts  such  as  the  AT  or  the  BT.  Fig.  7 
shows  such  a  bar  and  several  slices  cut  from  it. 


require  that  we  use  a  double-crystal  goniometer11,  as 
shown  in  Fig,  10.  Working  to  a  desired  turnover 
temperature  for  the  TTC  requires  particular  care  in 
the  crystal  orientation.  A  1°C  tolerance  on  turnover 
temperature  requires  that  the  orientation  be  held  to 
within  10"  of  arc.  The  standa:'d  rocking  curve  for  a 
single-crystal  goniometer  setup  is  usually  several 
minutes  wide.  The  use  of  a  reference  crystal  can 
reduce  the  width  of  the  rocking  curve  sufficiently 
to  allow  a  precision  of  about  6"  of  arc.  Fig.  10 
shows  a  situation  where  the  Bragg  angles  of  the  two 
planes  are  different.  This  may  be  due  to  either  using 
different  planes,  or  using  different  orders  of  the 
same  plane.  In  either  case,  a  problem  develops.  The 
double-crystal  system  has  sufficient  resolution  to 
fully  separate  the  Ka  doublet.  The  characteristic  Ka 
lines  for  copper  are  shown  in  Fig.  11.  As  a  result, 
the  detector  shows  two  separate  and  usually  well- 
resolved,  radiation  peaks.  Fortunately,  the  proper 
peak,  the  Ka} ,  is  the  stronger  of  the  two  and  always 
occurs  at  a  smaller  goniometer  angle. 

The  double  peak  can  be  eliminated  if  the  plane 
used  for  the  test  crystal  and  the  reference  crystal 
are  identical.  Then  the  two  planes  are  exactly 
parallel  at  the  proper  orientation,  and  the  double 
peak  becomes  a  single  narrow  radiation  peak. 

Another  complication  is  that  the  simple  picture 
shown  in  Fig.  9  is  valid  for  only  one  particular  rota¬ 
tion  of  the  test  crystal .  As  the  test  crystal  is 
rotated  about  its  normal,  the  plot  of  goniometer 
reading  vs.  rotation  angle  is  similar  to  that  shown 
in  Fig.  12.  Ideally,  we  would  like  to  orient  the 
crystal  in  rotation  such  that  we  are  always  operating 
at  the  very  bottom  of  this  curve.  At  this  point,  any 
possible  rotation  error  produces  the  minimum  error 
in  the  goniometer  reading. 


X-Ray  Orientation 

In  general,  there  are  no  short-cuts  in  X-ray 
orientation  of  quartz  crystals  except  that  provided 
by  natural  syrmietry.  A  doubly  rotated  crystal  cut 
only  further  complicates  the  process. 

Fig.  8  shows  an  orthographic  projection  of  the 
primitive  region  of  quartz.  The  location  of  the 
allowable  diffraction  planes  using  copper  Ka  radiation 
are  shown.  For  this,  and  for  all  subsequent  X-ray 
work,  we  assume  that  the  wavelength  is  that  of  copper 
Ka}  at  18°C.,  namely  1.54056A.  On  this  figure,  all 
of  the  singly  rotated  common  cuts  and  several  of  the 
doubly  rotated  cuts  such  as  the  IT,  the  RT,  the  FC, 
the  LC,  and  the  focus  of  this  paper,  the  TTC,  are 
shown.  The  IT  was  originally  developed  to  take 
advantage  of  several  of  the  properties  of  doubly 
rotated  cuts  and  was  located  on  the  sequence  of  planes 
at  about  <j>  =  19°.  X-ray  orientation  on  a  sequence 
of  planes  such  as  these  allows  relatively  accurate 
determination  of  at  least  one  direction. 

The  LC,  the  FC,  and  the  TTC  have  no  such  advantage. 
Accurate  determination  of  any  of  these  orientations 
requires  the  use  of  at  least  two,  and  preferably  three, 
non-coplanar  atomic  planes. 

Fig.  9  is  a  diagrammatic  representation  of  a  typical 
X-ray  diffraction.  08  is  the  atomic  plane  8ragg 
angle  given  by: 


N‘  =  2d  sin  (5) 

where  d  is  the  atomic  spacing  and  A  is  the  radiation 
wavelength.  6  is  the  angle  between  the  surface  normal 
and  the  normal  to  the  atomic  plane,  and  A  and  B  are 
as  shown.  A  and  B  are  easily  calculated10,  knowing 
the  desired  surface  and  the  Miller  indices  of  the  plane. 
Doubly  rotated  cuts  such  as  the  TTC  generally 


TTC  Orientation 


To  make  crystals  at  the  TTC  orientation,  (yxwl ) 

21 ,93°/34.11°.  we  might  return  to  an  orthographic 
projection  similar  to  that  shown  in  Fig.  8.  A  simpler 
version  is  given  in  Fig.  13.  In  general,  we  would  like 
to  use  two  planes  that  have  essentially  the  same  Bragg 
angle,  and  that  are  also  about  90°  apart  in  rotation, 
as  seen  at  the  test  crystal.  The  first  condition 
allows  us  to  use  two  crystal  planes  with  the  same 
Bragg  angle  as  a  reference  crystal.  This  produces  a 
single  radiation  peak  on  the  detector  readout,  simplify¬ 
ing  the  measurement.  The  second  condition  yields 
either  a  very  rapid  convergence,  if  the  test  crystal 
is  being  prepared  in  a  special  fixture  for  lapping  to 
the  desired  surface,  or  the  fastest  determination  of 
the  present  orientation  of  the  test  crystal  surface 
using  the  methods  outlined  in  the  Appendix.  The  two 
planes  that  most  closely  meet  these  conditions  are  the 
(12*3)  and  the  (21*3)  as  shown.  The  two  planes  are 
usually  sufficient  to  determine  the  surface  accurately 
if  we  keep  careful  track  of  the  rotation  of  the  test 
crystal.  As  a  check,  either  of  the  two  other  planes 
shown,  the  (12-1 )  or  the  (12*2)  are  also  useful.  From 
our  experience,  the  (12*1 )  is  perhaps  better  assuming 
that  we  also  keep  in  mind  that  this  plane  will  always 
produce  a  double-peaked  response  with  a  (12*3)  refer¬ 
ence  crystal. 

The  various  angles,  detector  settings,  etc.  are 
shown  in  Table  1.  The  data  for  the  (00-6)  plane 
is  given  to  provide  a  reference  point  for  the  crystal 
blank  rotation  angles. 

Summary 

Assuming  a  well -aligned  reference  crystal,  the 
(12*3)  and  (21-3)  planes  can  be  used  to  orient  the 
test  crystal  surface  to  within  approximately  6"  of  arc. 
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From  (A3),  we  haves 


A  further  check  can  be  made  using  a  (12*1)  plane. 
Using  the  measured  angles,  the  methods  of  the 
Appendix  may  be  used  to  determine  the  actual  surface 
orientation. 


Memorial 


While  this  paper  was  in  preparation,  Walter  Lysander 
Bond  died  as  a  result  of  complications  following  heart 
surgery.  After  a  career  spanning  forty  years  (1928- 
1968)  at  Bell  Telephone  Laboratories,  Walter  retired 
to  become  a  research  physicist  at  the  W.W.  Hansen 
Laboratories  of  Physics,  Stanford  University.  It  was 
my  privilege  to  know  Walter  during  this  period  when 
he  regularly  ran  every  grad  student  ragged  trying  to 
keep  up  with  the  wealth  of  ideas,  experience,  and 
engineering  technology  that  he  provided.  When  I 
first  approached  Walter  with  the  idea  of  writing  this 
paper,  it  was  not  envisioned  to  be  a  joint  venture; 
his  health  dictated  otherwise. 

This  paper,  the  last  of  his  many  efforts  in 
crystal  technology, was  completed  after  his  death. 

Any  faults  in  it  are  due  to  my  attempts  to  interpret 
the  ideas  we  developed  in  the  original  working  ses¬ 
sions  several  days  before  his  heart  surgery. 

John  A.  Kusters 


Appendix 


The  unit  vector  in  the  thickness  direction  of  the 
test  crystal  was  given  previously  as; 


(-sini p  cose) 
cos<(i  cose 
sine  j 


(Al) 


Similarly,10  we  can  describe  a  unit  vector  that  is 
normal  to  the  desired  atomic  plane  (hk-t)  as: 


cos  6  =  n^  +  n2t2  +  n^t3  (A7) 

where  the  subscripts  refer  to  the  i^  component  of 
the  unit  vector. 

Three  Plane  Solution 


By  measuring  the  goniometer  angle  for  each 
of  three  known  atomic  planes,  we  have  a  set  of 
three  simultaneous  equations  in  the  three  unknowns, 
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where  the  n..’s  are  solely  a  function  of  h,  k,  and  l. 
Any  of  several  mathematical  techniques  may  be  used  to 
solve  this  set.  The  solution  yields  the  three 
components  in  (Al). 


0  -  sin"1  t3 
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or  sin 
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and  as  a  check  on  the  'goodness'  of  the  solution, 

V  +  V  +  V  *  rZ 

where  for  a  perfect  fit,  r  =  1. 

Two  Plane  Solution 


An  iterative  solution  can  be  derived  which  requires 
the  determination  of  only  2  planes.  In  this  case: 
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is  the  normalizing  function,  a  and  c  are  the  atomic 
lattice  parameters,  and  h,  k,  and  l  are  the  Miller- 
Bravais  Indices. 

The  angle  between  the  desired  surface  and  the 
atomic  plane  used  to  measure  the  surface  is  the  same 
as  the  angle  between  the  two  normal  vectors,  or. 


cos  4  *  t 
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In  practice,  we  do  not  measure  4  directly,  but 
either  angles  A  or  B.  The  angle  A  is  somewhat  easier 
to  measure  accurately.  Therefore,  restricting  our¬ 
selves  to  A 

A  =  eB  -  4  (A4) 

where  eg  *  sin"1  ^  j  (A5) 

where  d  Is  the  interatomic  lattice  spacing  and  is 
given  by: 


-  si nd>  cose  n^  +  cosif  cose  n^  +  sine  n-3  -  cos  4^ 


where  i  =  1 ,2. 

By  proper  choice  of  0O  ,  the  starting  point,  we 
can  iterate  solutions  on  (d> ,6^ )  such  that  the  solution 
becomes  stationary. 
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t —  =  -  tan  4> 
z2 

then  continue  solution  until  0,  *  9,+,  to  within  an 
arbitrary  error  tolerance.  BecauseJof  the  ambiguity 
of  using  2  planes,  2  solutions  are  possible.  One 
must  set  up  the  problem  with  this  possibility  in  mind. 
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FIGURE  4  -  Definition  of  'SAW'  Coordinate  System. 


FIGURE  5  -  Initial  Quartz  Bar  Orientation. 


FIGURE  7  -  Cultured  Quartz  22°  Rotated  Bar. 


FIGURE  6  -  Final  Orientation,  Ready  for  Cutting. 


FIGURE  8  -  Orthographic  Projection  of  Primitive 

Region  in  Quartz  Showing  All  Allowable 
X-ray  Diffraction  Planes. 


FIGURE  9  -  Simple  X-Ray  Diffraction. 
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Summary 

The  change  in  series  resonance  frequency  of 
piezoelectric  resonators  caused  by  a  dc  electric  field 
superposed  on  the  driving  field  is  studied  on  the  three 
thickness  modes  of  thin  or-quartz  plates.  For 
resonators  operating  in  the  fundamental  frequency  range 
between  2.7  and  3.3  MHz  and  at  the  dc  electric  field 
intensities  between  ±  10®  Vm“  ,  the  change  in 
frequency  is  proportional  to  the  intensity  of  the 
applied  dc  field  and  depends  on  the  crystallographic 
orientation  of  the  plates  and  on  the  mode  of 
vibration.  At  the  dc  field  of  10&  Vm"  ,  the  maximum 
change  in  frequency  is  found  to  be  16  parts  per 
million. 

Two  sets  of  experimental  data  are  presented:  32 
values  for  the  cuts  of  orientation  (xzl)t  and  29 
values  for  the  cuts  of  orientation  (xzw)$, 

Quaslllnear  Interpretation  relates  the  observed 
frequency  changes  to  the  converse  piezoelectric  effect 
and  to  the  tensors  of  electroelasticity,  second-order 
piezoelectricity,  and  second-order  permittivity. 

Several  components  of  these  three  tensors  are 
calculated. 

An  analysis  of  the  results  indicates  that  the 
change  in  frequency  is  caused  mainly  by  the  change  in 
the  values  of  the  elastic  constants.  The  contributions 
of  the  second-order  piezoelectricity  and  the  second- 
order  permittivity  are  of  lesser  Importance.  The 
available  data  on  the  frequency  change  can  also  be 
interpreted  by  considering  only  the  electroelastic  and 
the  converse  piezoelectric  effects.  Several  components 
of  the  electroelastic  tensor  are  calculated  under  these 
simplified  conditions.  Good  agreement  is  obtained  with 
the  earlier  results  by  Kusters. 

In  general,  the  ability  of  the  calculated  second- 
order  tensor  components  to  reproduce  the  experimental 
data  is  good,  the  differences  being  several  percent  on 
the  average. 

Considering  the  quaslllnear  character  of  the 
approach  adopted  in  this  work,  an  allowance  must  be 
made  for  the  cumulative  nature  of  the  second-order 
constants  calculated. 

The  analyzed  phenomenon  may  well  become  a  conve¬ 
nient  and  sensitive  tool  for  the  study  of  a  variety  of 
higher-order  effects  in  or-quartz  and  other  materials. 

Key  Words  :  Piezoelectric  resonator,  frequency 
shift,  electric  field  effect,  quartz,  second-order 
effects,  electroelastic  tensor,  second-order  piezo¬ 
electricity,  second-order  permittivity. 

Introduction 

Background 

The  change  In  frequency  of  piezoelectric  reso¬ 
nators  caused  by  a  dc  electric  field  applied  to  their 
exciting  electrodes  is  known  as  the  polarising  effect. 
This  phenomenon  was  studied  experimentally  in  the  past 
on  a  number  of  occasions  with  several  types  of  piezo¬ 


electric  materials  and  for  various  modes  of  vibrations. 
As  regards  or-quartz,  more  thorough  investigations  have 
been  reported  for  the  longitudinal  mode  of  thin  rods 
and  for  the  three  thickness  modes  of  thin  plates. 

Experimental  Results  :  In  the  case  of  longitudi¬ 
nal  vibrations  of  thin  rectangular  rods  rotated  about 
their  thickness  parallel  to  the  crystallographic  axis 
X,  the  change  in  series  resonance  frequency  was  found 
to  be  a  linear  function  of  the  applied  dc  electric 
field  with  the  field  intensity  as  high  as  U  x  10°  Vm~*. 
Further,  the  change  in  frequency  was  found  to  be 
proportional  to  the  magnitude  of  the  fundamental 
frequency  and  to  the  order  of  the  harmonic,  and 
dependent  on  the  crystallographic  orientation  of  the 
cuts.  A  slight  dependence  of  the  frequency  shift  on 
temperature  was  also  detected. * Similar  results 
were  obtained  later  for  the  rods  rotated  about  their 
widths  parallel  to  the  crystallographic  axis  Y  and  for 
doubly  rotated  rods  with  their  thicknesses  normal  to 
the  AT  and  BT  planes.3 

Qualitatively  similar  observations  of  the  polar¬ 
izing  effect  were  also  reported  for  the  two  fundamental 
thickness  shear  modes  of  a  variety  of  doubly  rotated 
planoconvex  plates  by  Kusters4;  and  for  the  three 
fundamental  thickness  modes  of  thin  plates  rotated 
about  one  Bide  of  their  square  faces  in  the  direction 
of  the  crystallographic  axis  Z.  Kusters4  also 
recorded  a  strong  temperature  dependence  of  the  effect 
and  a  quasi-exponential  decay  of  the  frequency  change 
while  the  dc  field  was  still  applied. 

In  general,  for  both  the  rods  and  the  plates,  the 
typical  magnitude  of  the  change  in  frequency  was  found 
to  be  in  the  range  of  several  parts  per  million  at  the 
dc  electric  field  intensity  of  10*  Vm"l, 

Interpretation  of  the  Observations  :  A  first 
attempt  at  an  interpretation  of  the  polarizing  effect 
was  made  for  the  longitudinal  mode  of  thin  rods.  A 
simple  formula,  giving  the  frequency  of  vibrations  as 
a  function  of  the  length,  the  density,  and  the  elastic 
compliance  in  the  length  direction  of  the  rod,  was 
used.  The  changes  in  frequency  were  too  large  to  be 
Interpreted  as  a  consequence  of  the  change  in  length 
and  density  of  the  rods  due  to  the  converse  piezo¬ 
electric  effect.  The  introduction  of  a  fifth  rank 
electroelastic  tensor  related  to  the  elastic  comp¬ 
liances  resulted  in  the  determination  of  several  of  its 
components,  in  the  reproduction  of  the  experimental 
data  with  an  excellent  fit,  and  in  remarkably  accurate 
predictions  for  the  magnitude  of  the  polarizing  effect 
for  resonators  which  had  not  been  hitherto  used.  These 
results  were  presented  in  a  series  of  papers,  of  which 
Ref,  3  is  the  most  comprehensive. 

Several  early  papers  dealing  with  the  polarizing 
effect  with  the  thickness  vibrations  of  plates  and 
essentially  introducing  the  electroelastic  tensor 
related  to  the  elastic  stiffnesses  are  represented  by 
Ref.  6.  A  more  thorough  study  of  the  causes  of  the 
polarizing  effect  with  thickness  vibrations  of  or- 
quartz  plates  can  be  found  in  Ref.  4.  High  Internal 
stresses  generated  in  the  material  of  the  plates  by 
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the  dc  electric  field  are  also  considered  In  the  paper 
along  with  the  possible  effect  on  the  frequency  of  the 
third-order  elastic  constants.  However,  the  corres¬ 
ponding  frequency  shifts  are  estimated  to  be  smaller  by 
an  order  of  magnitude  than  those  observed  experiment¬ 
ally.  All  eight  independent  components  of  the 
electroelastic  tensor  related  to  the  elastic  stiff¬ 
nesses  are  calculated  from  a  frequency  expression 
which  Includes  only  the  effective  elastic  constants 
for  the  acoustic  mode  of  interest.  The  possibility  of 
the  participation  of  other  second-order  effects  is 
clearly  recognized,  as  is  the  fact  that  in  the  given 
presentation  these  second-order  effects  would  remain 
hidden  in  the  calculated  electroelastic  tensor 
components. 

A  qualitatively  improved  interpretation  of  the 
polarizing  effect  dealing  with  the  thickness  vibra¬ 
tions  of  plates  was  presented  in  Ref.  5.  It 
represented  an  improvement  in  the  sense  that  it  took 
into  account  the  piezoelectric  stiffening  of  the 
elastic  constants,  the  coupling  among  the  modes  at  the 
faces  of  the  plates,  and  the  changes  in  the  amplitudes 
of  the  vibrations  associated  with  the  changes  in  the 
material  constants  in  the  dc  electric  field.  The 
number  of  second-order  effects  considered  was  increased 
from  one  to  three.  On  the  other  hand,  the  approach  to 
the  problem  remained  quasilinear  in  character.  The 
polarizing  effect  was  interpreted  by  means  of  linear 
changes  in  only  those  material  constants  that  are 
present  in  the  linear  theory  of  vibrations.  It  was 
noted  that  this  approach  neglected  other  effects  that 
could  naturally  appear  in  a  nonlinear  treatment.  This 
interpretation  was  applied  to  data  on  the  polarizing 
effect  pertaining  to  all  three  thickness  modes. ® 

Several  electroelastic  tensor  components  were  deter¬ 
mined.  The  attempt  made  to  calculate  the  components 
of  the  tensors  of  second-order  piezoelectricity  and 
second-order  permittivity  resulted  in  failure. 

However,  the  electroelastic  tensor  components  combined 
with  the  converse  piezoelectric  effect  only  reproduced 
the  experimental  data  quite  well. 


effects  but  electroelasticity,  and 

4)  estimating  the  errors  in  the  calculated  electro¬ 
elastic  tensor  components  that  occur  when  all  effects 
contributing  to  the  frequency  changes,  with  the 
exception  of  the  converse  piezoelectric  effect,  are 
combined  in  the  components  of  this  tensor. 

The  work  begins  with  a  description  of  the  method 
of  measurement,  of  the  data  collected,  and  of  the 
expression  for  the  magnitude  of  the  polarizing  effect 
which  will  be  used.  The  experimental  data  are  then 
divided  into  two  sets  :  one  formed  by  the  results 
pertaining  to  plates  of  orientation  (xzlty,  and  the 
other  by  those  pertaining  to  plates  of  orientation 
(xzw)i . 

Using  the  first  set  of  data  and  the  adopted 
formula  for  the  interpretation  of  the  polarizing  effect, 
several  components  of  the  tensors  of  electroelasticity, 
second-order  piezoelectrictiy ,  and  second-order 
permittivity  are  computed,  and  a  comparison  of  their 
relative  importance  in  the  context  of  the  polarizing 
effect  is  made.  The  calculations  are  then  repeated 
without  the  latter  two  effects,  and  a  new  set  of 
corresponding  values  for  the  electroelastic  tensor 
components  is  found.  The  last  calculations  are  also 
made  independently  for  the  second  set  of  experimental 
data,  and  the  values  for  the  electroelastic  tensor 
components  obtained  are  compared  with  the  values  based 
on  the  first  set.  Also,  using  the  second  data  set,  a 
prediction  is  made  about  the  first  data  set. 

All  the  computed  second-order  constants  are  used 
to  demonstrate  their  ability  to  reproduce  the  original 
experimental  data. 

The  work  is  concluded  with  a  brief  discussion 
centering  on  the  comparison  of  earlier  measurements  of 
the  electroelastic  tensor  with  the  present  results, 
and  on  the  possible  errors  in  their  values. 

Measurements  and  Their  Results 


Baumhauer  and  Tiersten  published  an  interpretation 
of  the  polarizing  effect  based  on  the  nonlinear 
equations  of  state. ^  They  concentrate  on  the  thickness 
vibrations  of  a  plate  situated  between  parallel  elect¬ 
rodes  at  a  distance  from  the  surfaces  of  the  plate. 

The  nonlinear  approach  and  the  Implied  conceptual 
reliability  appear  to  be  the  advantages  of  this  work. 
The  resulting  formulas  however,  cannot  readily  be 
applied  to  the  existing  experimental  data. 

Oblectives  and  Method  of  the  Present  Work 

Given  the  success  of  the  simple  work  done  on  the 
polarizing  effect  with  the  longitudinal  mode  of  thin 
rods  on  the  one  hand5,  and  the  not-so-satlsf actory 
results  obtained  for  the  thickness  vibrations  of  plates 
on  the  other 5 ,  it  was  felt  that  the  potential  of  the 
quasilinear  interpretation  of  the  polarizing  effect 
had  not  been  fully  exploited.  In  the  present  paper  the 
quasilinear  interpretation5  is  applied  to  a  larger 
body  of  experimental  data  with  the  aim  of 

1)  establishing  that  the  polarizing  effect  can  be  used 
to  study  several  second-order  effects  in  cr-quartz 
with  an  accuracy  which  makes  the  numerical  results 
meaningful, 

2)  examining  the  size  and  the  relative  importance  of 
the  contributions  of  the  second-order  effects  to 
the  polarizing  effect, 

3)  demonstrating  that  a  numerically  acceptable  inter¬ 
pretation  of  the  polarizing  effect  is  possible  even 
with  the  formal  exclusion  of  all  second-order 


Twenty-six  resonators  made  of  natural  cr-quartz 
were  investigated.  They  were  in  the  shape  of  thin 
square  plates  of  side  25.000  mm  and  of  thickness  0.600 
mm.  They  were  divided  into  two  sets  :  one  consisting 
of  twelve  plates  of  orientation  (xzl)jr  with  the  cut 
angles  ^  between  5°  and  30°  ,  the  other  consisting  of 
fourteen  plates  of  orientation  (xzw)$  with  the  cut 
angles  $  in  the  domain  between  -10°  and  -40°.  The 
orientations  are  given  according  to  the  IRE  definition.® 
The  resonators  were  plated  with  square  electrodes,  the 
side  of  the  square  being  18  ran.  Bevelling  was  used  to 
avoid  coupling  with  spurious  modes.  The  plates  were 
mounted  by  means  of  four  pieces  of  thread  forming  a 
bipyramidal  suspension. 

Each  resonator  was  continuously  vibrated  in  a 
laboratory-built  Heegner  oscillator  and  functioned  as 
an  active  part  of  the  oscillator  for  the  duration  of 
the  whole  experiment.  Prior  to  starting  the  experiment 
the  oscillator  was  tuned  to  maximize  the  current 
through  the  resonator.  With  the  oscillator  tuned,  the 
excitation  level  of  the  resonator  was  minimized  to  just 
sustain  its  vibration.  The  frequency  of  the  resonator 
was  understood  to  be  the  resonance  frequency  fr  in  the 
sense  of  the  IRE  definition, 9  the  frequency  being  some¬ 
what  affected  by  the  presence  of  the  rest  of  the 
oscillator  circuitry. 

In  order  to  expose  a  vibrating  resonator  to  a  dc 
electric  field,  a  dc  power  supply  was  connected  to  the 
resonator  electrodes.  Two  resistors  separated  the  dc 
power  supply  from  the  oscillator  to  prevent  short- 
circuiting  of  the  high  frequency  of  oscillations  across 
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the  dc  power  supply  circuit  parallel  to  the  resonator. 
On  the  other  hand,  two  blocking  capacitors  protected 
the  Heegner  oscillator  from  the  dc  potential  across 
the  resonator  electrodes. 

The  frequency  of  the  resonator  oscillations  and 
the  frequency  changes  due  to  the  applied  dc  electric 
field  were  measured  by  a  Marconi  counter /frequency 
meter,  model  141 7A. 


Quasilinear  Interpretaion  of  the  Polarizing  Effect 
General  Formula 


The  expression  used  in  this  paper  for  the  magni¬ 
tude  of  the  polarizing  effect  with  the  three  thickness 
modes  of  thin  plates  was  derived  earlier. 5  According 
to  Eq.  (40)s  one  has 


The  magnitude  of  the  dc  electric  field  in  the 
resonators  was  taken  as  the  ratio  of  the  dc  potential 
applied  to  the  exciting  electrodes  to  the  nominal 
thickness  of  the  resonators,  the  change  in  the  thick¬ 
ness  due  to  the  converse  piezoelectric  effect  being 
negligible. 

The  measurements  were  carried  out  in  an  air 
atmosphere  and  at  a  temperature  of  20°C. 


(1)  (l/f).  (Af/AE)  =  :A  d  +  2A  6..,, 

nrs  nrs  ijkln  ijkln 

3  4 

+  A  q  +  A  t  , 
ljinn  ijmn  rsn  rsn 

where  i  ,  j  ,k  ,1  ,m,n  ,r  ,s  »=  1,2,3.  The  Einstein  summation 
convention  applies  to  these  indices  here  and  through¬ 
out  the  rest  of  the  paper. 


The  change  Af  in  the  natural  resonance  frequency 
f  due  to  the  applied  dc  electric  field  AE  was  measured 
for  the  three  fundamental  thickness  modes  of  the 
resonators.  The  change  in  frequency  Af  had  been  known 
to  be  dependent  on  the  dc  electric  field  intensity,  on 
the  crystallographic  orientation  of  the  resonators, 
and,  for  each  resonator,  on  the  mode  of  vibration. 

The  linearity  of  the  dependence  of  the  frequency 
change  Af  on  the  dc  field  AE  was  verified  over  the  dc 
electric  field  range  between  ±10®  Vm"l.  Because  of 
this  linear  relationship,  the  magnitude  of  the  polar¬ 
izing  effect  could  be  conveniently  expressed  in  terms 
of  (l/f ).  (Af/AE).  For  the  twenty-six  resonators 
investigated,  these  values  were  calculated  as  average 
of  readings  taken  at  ±10®  Vm"l.  Figures  1  and  2  give 
the  values  of  (l/f). (Af/AE)  for  the  two  resonator  sets 
plotted  as  functions  of  their  respective  cut  angles  f 
and  i  . 


In  Eq.  (1),  the  quantities  dnrs  are  the  piezo- 
ic  strain  constants.  The  quantities  ®ijkin, 
and  tnrs  are  the  components  of  the  electro- 

isor ,  of  second-order  piezoelectricity,  and 
of  the  tensor  of  second-order  permittivity  respectively. 
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The  resonators  were  an  unknown  mixture  of  left- 
and  right-hand  quartz.  Adjustments  of  the  signs  of 
the  experimental  data  were  made  by  means  of  the 
polarity  of  the  charge  which  was  measured  when  the 
plates  were  subject  to  a  compressive  stress  in  thick¬ 
ness.  All  the  results  in  Figures  1  and  2  were  then 
plotted  in  terms  of  the  left-hand  quartz. 

Taking  into  account  the  existing  random  errors  in 
the  measurement  of  the  natural  resonance  frequency  f, 
in  the  frequency  change  Af,  the  applied  dc  potential 
AV,  and  the  tolerance  in  the  resonator  thickness  t, 
the  relative  probable  error  in  the  values  of  (l/f). 
(Af/AE)  was  found  to  vary  between  2  and  3  percent.  An 
additional  error  would  be  caused  by  the  variations  in 
the  true  orientation  angle  of  the  resonators  with 
respect  to  their  nominal  orientation. 

The  quasi-exponential  decay  of  the  frequency 
change  Af  taking  place  during  observations  while  the 
dc  electric  field  is  applied  must  also  be  considered 
as  a  source  of  errors.  Given  the  conditions  under 
which  the  experiments  described  here  were  conducted, 
and  using  the  available  data  on  the  Af-decay  for 
guidance,®  the  error  in  the  values  of  (l/f ).  (Af/AE) 
caused  by  the  drop  in  the  frequency  change  Af  was 
estimated  to  be  in  the  neighbourhood  of  1  to  2  percent. 

Another  possible  systematic  error  could  arise 
from  an  Inhomogeneity  of  the  dc  electric  field.  The 
accuracy  of  the  readings  could  also  be  impaired  by  a 
possible  presence  of  parasitic  resonances. 


These  partial  derivatives  of  the  elastic  stiff¬ 
nesses  of  the  piezoelectric  stress  constants 

e^j  ,  and  of  the  dielectric  permittivities  ers  with 
respect  to  the  components  of  the  superposed  dc  electric 
field  En  are  understood  to  be  taken  at  zero  dc  electric 
field,  at  zero  external  stress  and  at  constant  entropy. 

The  coefficients  2Aijkln>  3Aijmn,  and 

4Anrs  in  Eq.  (1)  are  functions  of  the  elastic  stiff¬ 
nesses,  of  the  piezoelectric  stress  constants  and  of 
the  dielectric  permittivities  of  the  crystalline 
material.  Furthermore,  they  depend  on  the  crystal¬ 
lographic  orientation  of  the  plate,  on  its  thickness, 
on  the  electrode  separation,  on  the  mode  of  vibration, 
on  the  order  of  harmonic,  and  on  the  direction  of  the 
amplitudes  of  the  vibrations. 5  They  do  not  depend 
explicitly  on  the  excitation  level  of  the  plate 
vibrations  or  on  the  temperature. 

The  expression  (1)  for  the  magnitude  of  the 
polarizing  effect  is  based  on  Eqs.  (2)- (5). 6  These 
equations  represent  the  conditions  which  obtain  in  the 
linear  approximation  for  the  elgenfrequencies  and  the 
amplitudes  of  the  thickness  modes  of  piezoelectric 
plates  of  infinite  lateral  dimensions  placed  between 
infinite  plane  electrodes.  In  order  to  obtain  Eq.(l), 
these  conditions  were  differentiated  with  respect  to 
the  superposed  dc  electric  field  E  treated  as  a 
parameter.  The  differentiated  conditions  were  then 
solved  for  (l/f ).  (3f/dE)  at  E  «  0.  Subsequently,  the 
obtained  solution  was  put  equal  to  the  measured 
quantity  (l/f ). (Af/AE).  This  was  possible  because  the 
measurements  were  carried  out  in  the  linear  domain  of 
the  polarizing  effect.  Accordingly,  the  tensor  quanti¬ 
ties  defined  by  Eqs.  (2)-(4)  appeared  in  Eq.  (1)  as  a 
result  of  this  process  rather  than  as  the  members  of 
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t\u'  nonlineai  equations  oi  state. 

The  symbols  *Anrs,  26ijkln>  ^-ijmn>  and  Ynrs 
found  in  Eq.  (1)  were  not  used  in  Ref.  5.  Together 
with  some  other  minor  notational  changes  they  are 
introduced  here  to  simplify  further  treatment  of  Eq. 
(1)  and  its  application  to  a-quartz.  In  relation  to 
the  notation  used  before^,  the  following  definitions 
apply 
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and  further 
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According  to  Eqs.  (5)- (8),  each  of  the  coeffi¬ 
cients  2Ai.kln,  3At jam .  and  ^Vs  ia  an 

algebraic  sum  of  two  or  more  terms,  each  containing  one 
factor  of  the  type  pLik,  p  ■  1,2,. ..,5.  The  factors 
pLik  are  characteristic  of  the  origin  of  these  terms. 
They  relate  each  of  the  terms  to  a  specific  part  of  the 
condition  for  frequency  of  the  thickness  modes  of  plates 
in  Eq,  (2)*  and  to  the  quantitative  change  this  part 
is  assumed  to  undergo  as  a  result  of  the  applied  dc 
electric  field.  In  this  sense  the  terms  containing 
lL^k,  2L^k,  3Lju,  and  ^L^cor  respond ,  in  the  same 

order,  to  the  effective  elastic  moduli  of  the  plate 
r(z)  in  Eq.  (10)',  to  the  quantities  Ttk  in  Eq.  (7)*, 
to  the  terms  e0tFiFk/cb  representing  the  coupling  among 
the  modes  at  the  traction  free  surfaces  of  the  plate 
in  Eq.  (7)*,  to  the  direction  cosines  Aj[*)  of  the 
of  the  amplitudes  of  vibrations  in  Eq.  (7)*,  and  to  the 
density  p  and  the  thickness  t  of  the  plate  in  B^'^in 
Eq.  (10).' 

The  large  number  of  terms  in  Eq.  (1)  can  be 
substantially  reduced  by  means  of  the  traditional 
matrix  index  notation. 10  gy  replacing  the  pairs  of 


.  e(d-t)\ 

Latin 

X  or  (i 

indices  ij,  kl 
,  X  ,|i  «  1,2,.., 

,  and  rs 
. ,  6 ,  one 

by  a  single  Greek 
obtains 

'  +  bY 

(15a) 

d  .  =  d 
nX  nrs 

for  r  - 

s, 

(15b) 

J  ,  =  2  d 
nX  nrs 

=  2  d 

nsr 

for  r  ^  s, 

(b(2))2  n 

sinVZ>' 

(16) 

^Xpin  Yjkln 

6ijlkn" 

6jikln”  5jilkn, 

.B<Z>)2  N 

(17) 

V  ""  t,ijron 

qijnm“  1 

'jirnn  qjinm’ 

where  the  substitution  is  made  using  the  standard 
rules. 10 


(ID 

(12) 


-i-  D(z) 

.(z)  °ik  ’ 


\  (EizAkZ)+  EkzAi(ZVZ)-  b(Z> 

z=l 

¥  K  (s  A*z>  +  s  Ai(z))  • 


Application  of  the  Kleinman  conditions!!  leads 
to  a  contraction  of  the  second-order  permittivity 
tensor.  A  single  Greek  index  A  can  be  used  to  replace 
each  triad  of  the  Latin  indices  nrs  consisting  of  the 
same  index  values  irrespective  of  their  order  according 
to  the  following  rule 

(18)  A  =  n  .  r  .  s 


so  that  the  new  components  t^  can  be  Introduced  as  shown 

(19)  t-t  -  t  =  t  »  t  »  t  -  t 

A  nrs  nsr  snr  srn  rsn  rns 


(13) 


ik 


3 

E 


(r  B(z)cot  B 
\  r  s 


.  v  e  t  F_F 
(z)  _0_ 

b 


r  r  . 


(M(z)  .  „(*)'. 
- +  Mski; 


sik 


(U)  \k -('Vk  +  YY  +  ^J  L 

As  regards  all  other  symbols  used  in  Eqs.  (5)-(14), 
their  earlier  definitions3  remain  in  effect  through¬ 
out  this  paper. 


All  material  constants  appearing  in  Eq.  (1)  as 
well  as  the  quantities  defined  by  Eqs.  (2)-(4)  are 
related  to  the  basic  frame  of  reference  defined  in 
piezoelectric  crystals. 8 


The  set  of  10  index  values  A  generated  by  Eq.  (18)  is 
"discontinuous",  which  is  somewhat  unusual.  On  the 
other  hand  the  Greek  indices  A  can  be  easily  related 
to  the  corresponding  original  triad  of  the  Latin  tensor 
indices.  In  Table  I  the  correspondence  between  the 
indices  A  and  the  triads  nrs  is  shown  in  detail. 

To  take  advantage  of  the  contraction  of  tensors 
described  in  Eqs,  (15a)- (17)  and  (19),  the  coefficients 

Srs*  2^ijkln>  ^ijmn-  Sirs  mu8t  *>*  a<1luatea 
accordingly.  Using  the  same  rules  of  assignment  of  the 
Greek  Indices,  the  following  definitions  are  convenient 


(20)  Y  -  \ 

nx  nr  s 

(21a)  Y  -  2A...  , 

Xpn  ijkn 

for  i  -  j,  k  -  1 
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(21b) 

\  - 

X^n 

2  2 

Xijkln+  Aijlkn’ 

for  i  -  j,  k  t  1, 

(26) 

(1 .  f ).  (Af/AE)  -  ^  dn  +  \\u  du 

(21c) 

2  2 

Aijkln+  Aj ikin’ 

for  i  ?  j  >  k  -  1 , 

+  A1115111+  A1316131+  A1416141 

(21d) 

V- 

2  2  2 

A .  ...  +  A.  ...  +  A 
ijkln  ijlkn 

2 

jikln+  Ajilkn’ 

+  A22i6221+  A2416241+  A3416341 

for  i  ?  j ,  k  t  1 , 

3 

3 

+  A4415441+  A1536153+  Allqll 

(22a) 

V 

Aijmn' 

for  i  «  j  *  m  ■  n. 

(22b) 

V 

3a, ,  A,  ,  , 

ijmn  ijnm 

for  i  =  J  ,  m  ^  n , 

+  A12ql2+  A13q13+  A14q14+  A3lq31 

(22c) 

3v  ■ 

3.  3. 

Ijmn  jimn’ 

for  i  /  j ,  m  •  n, 

+  A33q33+  A41q41+  A44q44+  A1 C1  ’ 

(22d) 

3v 

3a  .3  .3  1 3  * 

ijmn  /  ijnm  jinm  jinm’ 

where 

for  1  /  J,  it  /  n, 

(27a) 

l.Q  1*  ,1, 

A11  “  A11  ‘  A12  *2  A26’ 

(23a) 

\  - 

Sirs’ 

for  n  «  r  *  s, 

(27b) 

l.Q  1»  1, 

A14  "  A14  *  A25’ 

(23b) 

\  * 

4  4  4 

A  + A  +  A 
nrs  rsn  snr 

,  for  n  *  r  /  1  or 

(28a) 

2,Q  2  1/  2  2.  \  A,,, 

Alll"  Alll*  2\  A121+  A211z "  2  661 

for  r  »  s  /  n  or 

+  A162+  A612)*  4 (  A262+  hf,2i)  ' 

for  s  -  n  f  r , 

(23c) 

4k 

\  A  A 

4  4  4 

+  A  +  A  +  A 

(28b) 

aa  " 

nrs  nsr  rsn 

rns  snr  srn 

a 

for  n  ^  r  f  s. 

(28c) 

2A?41-2A141+2A4irK2A561+2A65lK2A252+2A522! 

Using  the  new  index  notation,  Eq.  (1)  takes  on 

the  following  form 

+  A462+  A642)  ’ 

(24) 

a/f). 

(Af/AE)-1AiiXdtAA 

\  6,  +  A.  q.  A  t 

X^n  \^n  Xu  X|Jk  A  A 

(28d) 

2 

2  0  2  17  2  2  \  1 

A22l'  A22l‘  2V  A121+  A21l)*  2  A661 

where  n  •  1,2,3,  \  ,u  ■  1,2 . 6,  and  A  •  1,2, 3,4, 6, 8, 

9,12,18,27.  The  Einstein  summation  rule  remains  in 
effect  for  all  index  values  listed. 

The  new  index  notation  results  in  a  substantial 
reduction  in  the  number  of  terms  on  the  right  hsnd 
side  of  Eq.  (1):  from  the  original  number  of  378  in 
Eq.  (1)  to  only  172  in  Eq.  (24).  This  number  can  be 
further  reduced  to  only  127  terms  by  means  of  the 
relationship 


<25)  ww 

that  follows  from  the  thermodynamic  considerations. 
Application  to  or-quartz 

In  the  above  form  Eqs.  (2^  and  (25)  would  apply 
to  the  crystalline  material  of  any  symmetry.  In  the 
case  of  vquartz  Eq.  (24)  is  further  simplified,  as 
the  number  of  the  independent  tensor  components  dnX> 
tx  qXli ,  and  t «  is  reduced  due  to  the  crystal 
symmetry  of  a-quartz.  When  Eqs.  (24)  and  (25)  are 
cosibined ,  the  following  result  is  obtained 


K2a162+2a612)-  4(2a262+  ^622)  • 


(28e)  2A?„-2A,a1+2A421+  K2A561+2/V65l)-2A152-2A 
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'  t(2a462+2a642)’ 
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(28f) 

2  Q  2  2  2  2 

A34l”  A341+  A431 "  A352*  A532’ 

(28g) 

2AL*2A441-2A551+2A452+2A542* 

(28h) 

2  Q  2  2.  2  2 

A153“  A153+  A513~  A253“  A523~ 

(29a) 

3,Q  3  .3.  I3 

An  A11  +  A22  +  2  A66* 

(29b) 

3.Q  3.  .  3.  I3. 

A12  "  A12  +  A21  *  2  A66’ 

(29c) 

3,Q  3.  .  3. 

A13  “  A13  +  A23’ 

1U 


.  Q  -  ~  -  Two  sets  of  plates  are  investigated  experiment 

(29d)  2,  +  ally  in  the  present  paper.  For  the  first  set  of 

plates  of  orientation  (xzl){,  the  following  coeffi- 
^  -  -  cients  in  Eq.  (26)  are  found  to  be  equal  to  zero  for 

(29e)  =  'JA31  +  JA32>  a11  cut  aTlSles  * 


(29  f  ) 

3aQ  3.  3.  .  3. 

A41  "  A41  '  A42  +  A56’ 

(31) 

lA?4  -  *>  • 

(29g) 

3  Q  3 

A33  “  ft33  ’ 

(32) 

24l"  ^41= 

2A?53=  0  , 

(29h) 

3,Q  3.  .  3. 

A44  '  A44  A55’ 

(33) 

3A?2  -  X3  - 

34  -  3ft31  *  3a33  “  ^44  *  0 

(30) 


As  regards  the  second  set  of  plates  of  orientation 
(xzw)S  ,  the  following  holds  true  in  general 


In  Eq.  (26)  we  find  the  magnitude  of  the  polar¬ 
izing  effect  with  the  thickness  vibrations  of  a-quartz 
plates  as  a  linear  function  of  the  independent 
components  of  the  participating  tensors.  These  are:  2 
components  dn\  of  the  tensor  of  the  converse  piezo¬ 
electric  effect,  8  components  5^n  of  the  tensor  of  the 
electroelastic  effect,  8  components  q^  of  the  tensor 
of  the  second-order  piezoelectricity,  and  1  component 
t^  -  t|  of  the  tensor  of  the  second-order  permittivity. 
In  order  to  obtain  Eqs.  (26)  and  (27a)- (30) ,  the  matrix 
diagrams  of  these  four  tensors  are  needed  in  full 
detail. A, 10, 12 ,13  (The  matrix  diagram  of  ihe  photo¬ 
elastic  coefficients  must  be  referred  to^  in 

order  to  obtain  the  structure  of  the  second-order 
piezoelectricity  tensor). 


The  values  of  the  coefficients  of  the  types 
1  A{^  ,  2/.^  n,  3A?  ,  and  of  the  coefficient  in  Eq. 

(26)  were  calculated  for  a  number  of  plate  or ientatims , 
and  for  different  plate  thicknesses,  electrode  separa¬ 
tions  and  orders  of  the  harmonic  of  the  three  thickness 
modes.  The  results  obtained  indicate  that  the  values 
of  these  coefficients  depend  primarily  on  the  plate 
orientation.  The  changes  in  the  remaining  factors 
affect  the  coefficients  in  Eq.  (26)  only  to  the  extent 
of  several  percent  of  their  values.  The  maximum 
orders  of  magnitude  of  the  coefficients  ^A^  ,  n, 

3a9  ,  and  A/Q'Were  found  to  be  10~^  ,  10“12  ^-1^2 

10"3  VN-lm,  and  10?  F'^m,  respectively. 


The  values  of  the  elastic  stiffnesses  c\  ,  of 
the  piezoelectric  stress  constants  en\ ,  and  of  the 
dielectric  permittivities  eTOn  needed  to  calculate  the 
above  coefficients  were  taken  from  Ref.  14.  The  value 
p  *  2,649  x  1()3  kg.m”3  was  used  for  the  density  of 
Of-quartz . 

Further  analysis  of  the  values  of  the  coeffici¬ 
ents  2^n-  H,.  and  4A?  in  Eq.  (26)  was  under¬ 

taken  using  Eqs.  (5)-(8).  In  Eq.  (5)  the  term 
containing  the  factor  5l^  was  found  to  be  always 
larger,  by  two  orders  of  magnitude,  than  the  term 
containing  the  factor  In  Eqs.  (6)- (8)  the 

factors  and  are  of  the  same  order  of  magni¬ 

tude  and  about  100  times  larger  than  the  factors  ZLij< 
and  ^Lik*  As  far  as  the  factor  3^^  is  concerned, 
this  implies  that  if  the  interpretation  of  the  polar¬ 
izing  effect  includes  the  second-order  piezoelectricity 
and  the  second-order  permitivity,  the  coupling  among 
the  thickness  modes,  although  it  complicates  the 
calculations  considerably,  should  not  be  neglected. 

At  the  same  time  the  dominant  positions  of  in  Eq. 

(6)  and  of  in  Eq.  (5)  explain  the  agreement 

between  our  present  results  and  those  obtained  by 
Kusters^  which  will  be  shown  later. 


(34)  V*4  =  0  , 

(35)  34  =  0  . 

In  addition  to  the  above  equations,  and  for  each  set 
of  the  plates,  several  nonzero  coefficients  in  Eq.(26) 
are  found  to  be  linearly  dependent  on  other  nonzero 
coefficients,  eg. 

(36)  ^441  =  -1'00  2A141  +  2- °°  2a221 

which  holds  for  all  plates  of  orientation  (xzl)yji. 

Eqs.  (31)- (35)  and  relationships  of  the  type  shown  in 
Eq.  (.36)  simplify  Eq.  (26)  considerably .  Unfortunat¬ 
ely,  they  also  reduce  the  amount  of  information  about 
the  second-order  effect  that  can  be  obtained  from  the 
experimental  data  available. 

Second-Order  Effects 


Electroelastic  Effect.  Second-Order  Piezoelectric  I’Ll 
and  Second-Order  Permittivity 

In  order  to  demonstrate  the  possibility  of 
determining  the  components  of  the  tensors  of  the 
electroelasticity,  of  the  second-order  piezoelectri¬ 
city  and  of  the  second-order  permittivity,  Eq.  (26) 
was  applied  to  the  32  experimental  data  available  for 
the  twelve  plates  of  orientation  (xzl)i(i.  Eqs.  (31)- 
(33)  were  used  and  Eq.  (26)  was  rewritten  as  follows 


<37>  tM* 

^Vll  " 

2aQ  s 
Ain  5in 

+  ^41  8141 

+ 

2  0 

A221  z21 

2  Q 

+  A241  6 241 

+ 

2A441  8 441 

+  Mi  qn 

+ 

3A41  q41  + 

M  *,  • 

The  substitution  of  the  available  experimental  values 
for  the  magnitude  of  the  polarizing  effect  (1/f). 

(Af  ME )  and  of  the  known14  piezoelectric  strain 
constant  djj  resulted  in  a  system  of  32  simultaneous 
equations  for  the  eight  second-order  tensor  components 
6, 


•111 


6141’  8221’  6241’ 


6 441  ’  qll’  q41’  and  V 


were  found 


Eq.  (36)  and  another  two  linear  relationships 
ound  to  hold  among  the  coefficients  2A?n> 
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^A^41>*  * "  *  and  ln  Eq.  (37)  for  all  t'le  cut  angles 
1  and  Che  acoustic  modes  studied  experimentally.  After 
the  inclusion  of  these  relationships  into  Eq.  (37), 
each  equation  of  our  system  took  on  the  following  form 

(38)  (1/f).  (Af/AE)  -  1A^1  du  - 


of  the  contributions  of  the  second-order  permittivity 
is  not  greater  than  10*1’  V-1m.  As  regards  the 
second-order  piezoelectricity,  its  typical  contribu¬ 
tion  is  of  the  same  order  of  magnitude.  However, 
should  the  order  of  magnitude  of  qqj  be  10*9  NV  ,  its 
contribution  in  some  cases  would  be  a  comparable  to 
that  of  the  converse  piezoelectric  effect. 


2a?ii(6iii+1-63  *  10\i) 

+  A14l(814r824l‘1,00644l) 

+  2A22l(6  221+2-00  844r1-62  *  10\l) 


As  regards  the  computed  second-order  tensor 
quantities  containing  the  components  of  the  electro¬ 
elastic  tensor  6q^n,  the  probable  errors  stated  in 
Table  II  are  each  smaller  than  4%,  the  average  being 
37..  Since  the  experimental  errors  in  the  values  of 
(1/f).  (Af/AE)  are  approximately  the  same,  the  3% 
errors  are  consistent  with  the  position  of  the  elec¬ 
troelastic  tensor  in  Eq.  (38).  The  percentage  errors 
are  larger  for  the  quantities  q41  and  tj.  This  result 
is  understandable  since  q^q  and  tq  play  a  qualitatively 
unimportant  role  in  Eq.  (38). 

Cumulat-ive  Electroelastic  Tensor 


9 

The  dimensions  of  the  numerical  coefficients  1.63  x  10 
and  1.62  x  10®  are  Vm*l. 


The  method  of  least  squares  was  used  to  find  the 
suitable  values  for  the  five  second-order  tensor  compo¬ 
nents  and  their  combinations  appearing  on  the  right 
hand  side  of  Eq.  (38).  The  results  obtained  are 
presented  in  Table  II  together  with  their  mean 
probable  errors. 


The  calculated  components  and  component  combina¬ 
tions  of  the  tensors  of  electroelasticity,  second- 
order  piezoelectricity  and  second-order  permittivity 
listed  in  Tabic  II  were  substituted  in  Eq.  (38)  in 
order  to  demonstrate  their  ability  to  reproduce  the 
thirty  two  original  experimental  values  of  (1/f ). (Af/AE) 
While  most  of  the  values  themselves  are  of  the  order  of 
10-llv"^m  or  10”^  V'^m,  the  average  absolute 
difference  was  only  1,5  x  10*13,  the  maximum  difference 
being  6.2  x  10*13  v*lm.  In  terms  of  percentages,  the 
average  deviation  of  the  calculated  values  of  (1/f). 
(Af/AE)  was  2.87.  of  their  experimental  counterparts. 
Given  that  the  experimental  errors  in  (1/f ). (Af/AE)  were 
estimated  to  be  about  4  percent,  the  agreement  is  good. 


The  dominant  position  of  the  electroelastic 
tensor  implied  in  the  previous  section  was  confirmed 
when  it  was  found  that  a  successful  numerical  inter¬ 
pretation  of  the  available  experimental  data  was 
possible  while  formally  neglecting  the  second-order 
piezoelectricity  and  the  second-order  permittivity. 

The  plates  of  orientation  (xzl)it  :  The  steps 
that  had  led  from  Eq.  (26)  to  Eq.  (38)  were  followed 
and  the  terms  3'\9jqqq  >  3Ay,q, ,  ,  and  AA§t,  in  Eq.  (37) 
were  disregarded.  A  new  system  of  32  Simultaneous 
equations  was  obtained,  relating  the  magnitude  of  the 
polarizing  effect  (1/f). (Af/AE)  to  the  electroelastic 
and  the  converse  piezoelectric  effects  only.  These 
equations  were  of  the  following  type 

(39)  (1/f).  (Af/AE)  -XA^dn  =  2A^n6m 

+  2a?4i(8141  *  8241  *  1-°°  844l) 

+  A22l(8221  +  2,00  644l) 


Eq.  (38)  can  be  applied  to  the  fundamental 
frequency  of  the  three  thickness  modes  of  the  plates 
in  the  whole  domain  of  orientations  (xzl)$.  Using  the 
quantities  in  Table  II,  calculations  of  the  magnitude 
of  the  polarizing  effect  (1/f ). (Af/AE)  as  a  function 
of  the  cut  angle  i|i  were  made  for  0°  <  1  <  30°  at  5° 
intervals.  The  three  curves  obtained  predicting  the 
dependence  of  the  polarizing  effect  on  the  cut  angle  i) 
for  the  three  acoustic  modes  are  shown  in  Fig.  1.  For 
the  angles  y,  30°  <  1  <  60°,  the  graphs  are  odd 
functions  of  i/  for  ^  -  30°  .  lhe  experimental  values 
for  (1/f ). (Af/AE)  which  are  also  plotted  in  Fig.  1 
give  an  overall  picture  of  the  relationship  between 
the  experimental  data  and  the  fitted  curves. 

Using  the  computed  value  of  q^q  for  guidance  in 
estimating  the  magnitude  of  the  contribution  of  the 
second-order  piezoelectricity,  and  considering  it 
unlikely  that  the  order  of  magnitude  of  the  component 
qqq  be  greater  than  10*9  NV"^  (Table  II)  one  can 
conclude  that  the  most  important  contributor  to  the 
polarizing  effect  (1/f). (Af/AE)  is  the  electroelastic 
tensor.  When  applied  to  a  number  of  cut  angles  1,  Eq. 
(38)  showed  that  the  contribution  of  the  electroelastic 
effect  was  always  of  the  order  of  the  polarizing  effect 
itself.  With  the  polarizing  effect  exceeding  10*13 
V*lm,  the  converse  piezoelectric  effect  accounts  only 
for  multiples  of  10'*2  V'*m.  The  order  of  magnitude 


The  method  of  least  squares  was  used  again  to  compute 
the  suitable  values  of  the  electroelastic  tensor 
component  6qj^  and  of  the  component  combinations  &q^j 
-  6241  -  6441  and  6221  +  2  &441-  The  results  of  this 
calculation  are  shown  in  Table  III  in  the  column 
marked  (xzl)y.  The  probable  errors  in  the  computed 
quantities  are  in  the  neighbourhood  of  37.. 

The  quality  of  reproduction  of  the  experimental 
data  by  means  of  the  calculated  tensor  components  is 
shown  in  Fig.  1.  The  fitted  curves  giving  the 
dependence  of  the  magnitude  of  the  polarizing  effect 
on  the  cut  angle  t  for  the  three  thickness  modes  are 
calculated  using  Eq.  (39).  The  average  absolute 
difference  between  Lhe  calculated  ar.d  the  measured 
values  is  2.4  x 10",  V'^m,  the  maximum  difference 
being  6,8  x  10**3  v**m.  The  agreement  between  the 
calculated  and  the  experimental  values  is  not  subs¬ 
tantially  different  from  the  one  obtained  when  all 
second-order  effects  appearing  in  the  quaslllnear 
approximation  of  the  polarizing  effect  are  taken  Into 
account.  At  the  same  time  it  should  be  noted  that  the 
whole  set  of  32  experimental  data  is  now  being  repro¬ 
duced  using  only  three  calculated  constants. 

In  connection  with  the  above  results  it  is  rele¬ 
vant  to  mention  that  attempts  have  been  made  to  use 
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Eq.  (37)  and  to  interpret  the  data  for  the  magnitude 
of  the  polarizing  effect  while  neglecting  either 
completely  or  In  part  the  terms  6)^n.  All  these 

attempts  failed  completely.  The  least  square  estim¬ 
ates  of  the  second-order  tensor  exponents  retained  in 
the  final  form  of  Eq.  (37)  were  always  found  to  be 
associated  with  large  probable  errors,  and  the  origi¬ 
nal  experimental  data  for  the  magnitude  of  the 
polarizing  effect  (1/f  ).  (Af/AE)  were  never  reproduced 
satisfactorily. 

While  the  three  numerical  values  in  Table  III 
reproduce  the  experimental  data  well,  they  are  not 
recoimnended  as  the  best  values  for  the  electroelastic 
tensor  components  6241"  ^441*  ^221"^ 

26441.  In  Eq.  (39),  these  components  take  over,  at 
least  in  part,  the  function  of  the  quantities  q^,  , 

and  t.  which  are  present  in  Eqs.  (37)  and  (38)  but  are 
formally  rejected  in  Eq.  (39).  As  a  result,  it  is 
possible  that  two  or  three  second-order  effects  are 
combined  in  the  values  given  in  Table  III.  This  is 
why  we  call  the  quantities  calculated  in  this  section 
the  components  of  the  cumulative  electroelastic  tensor. 

The  plates  of  orientation  (xzw)$  :  One  component 
and  five  component  combinations  of  the  cumulative 
electroelastic  tensor  were  determined  from  the  29  data 
(Fig.  2)  pertaining  to  the  polarizing  effect  with  the 
fourteen  plates  of  orientation  (xzw)4 .  The  experimen¬ 
tal  data  used  in  the  preceding  section  were  not 
involved.  The  values  of  the  calculated  tensor 
components  together  with  their  probable  errors  are 
given  in  Table  IV  in  the  column  marked  (xzw)i .  They 
were  calculated  by  the  method  of  least  squares  from  a 
system  of  29  equations  of  the  following  type 

(40)  (1/f).  (Af/AE)  -  ^  du  - 

2A?il6lU+2A?3l(613r°-42  6221+0-25  634l) 
2A?4l(614r0-26  6221-°-67  &34l) 

+  2ft24l(A241  27  6221-0.67  «j4l) 

+  2A44l(6441  +  °‘50  622l) 

+  2a?53(5153  +  °-60  6221  -  °-51  *3  A 

Eq.  (40)  obtains  from  Eq.  (26)  when  Eq.  (26)  is 
applied  to  any  plate  of  orientation  (xzw)4.  Eqs.  (34) 
and  (36)  are  used,  and  all  nonzero  terms  of  the  type 
v  j  and  the  term  ^a9  tj  are  disregarded.  Two 

oaf  f  1  ct en t s  ,  2/^j  and  ^AQ^.were  found  to  be  linearly 
4* pendant  on  other  coefficients  ^A^n  in  the  whole 
< '<Nin  ot  cut  angles  i.  These  linear  relationships 
ilir  Included  in  Eq.  (26)  in  order  to  yield  Eq. 


■  .  a  hi  *  1  tv  of  the  obtained  results  to  reproduce 
a  -a.  aapar lmental  data  is  shown  in  Fig.  2. 

-a  ,1  .at  giving  the  magnitude  of  the  polar- 
>  r  all  three  thickness  modes  are 
'  -  ana  I  Eq .  (40).  The  average  absolute 

fha  calculated  and  the  measured 
vl«,  the  maximum  difference  is 


The  results  from  the  column  marked  (xzw)4  in 
Table  IV  can  be  compared  with  the  values  for  the 
cumulative  electroelastic  tensor  components  in  Table 
III  independently  obtained  before.  A  direct  compari¬ 
son  is  possible  for  the  component  the  values  for 

6141*  6241*  &441  and  for  6221+  2  6441  can  *** 

from  Table  IV  by  combination  of  the  available  results. 

The  comparison  is  made  in  Table  Ill. 

Moreover,  tire  twenty-nine  data  on  the  polar¬ 
izing  effect  with  the  plates  of  orientation  (xzwH  and 
the  cumulative  electroelastic  tensor  components 
calculated  from  them  were  used  to  predict  directly  the 
magnitude  of  the  polarizing  effect  with  the  plates  of 
orientation  (xzl)j .  The  calculated  curves  and  the 
experimental  values  obtained  Independently  are  shown 
in  Fig.  4.  For  the  thirty  two  experimental  data  at 
our  disposal  the  maximum  absolute  difference  between 
the  predicted  and  the  measured  values  is  1,08  x  10*12 
V'lm;  the  average  difference  is  3.6  x  10*13  v*lm,  the 
median  only  3.0  x  10*13  V*lm. 

All  calculations  in  this  section  of  the  paper 
were  made  for  the  left-hand  modification  of  o-quartz. 
Consequently,  the  values  of  the  second-order  tensor 
components  in  Tables  II-IV  are  also  related  to  the 
left  quartz.  If  similar  constants  are  required  for 
the  right-hand  modification,  one  should  change  the 
sign  of  all  constants  6,  n  and  of  the  constant  tj. 
However,  the  signs  of  the  constants  q,  should  not  be 
changed. 

Conclusion 

In  the  present  paper  the  observed  changes  in 
frequency  are  associated  with  the  changes  which  are 
Induced  by  the  dc  electric  field  and  assumed  to  take 
place  in  the  quantities  appearing  in  the  linear  theory 
of  the  thickness  vibrations  of  cr-quartz  plates.  The 
polarizing  effect  is  thus  interpreted  as  a  consequence 
of  the  changes  in  the  dimensions  of  the  plate  and  the 
alrgap  due  to  the  converse  piezoelectric  effect  and 
the  changes  in  the  values  of  the  elastic,  piezoelectric, 
and  dielectric  constants.  The  changes  in  the  material 
constants  are  described  by  means  of  a  fifth  rank 
tensor  of  electroelasticity,  a  fourth  rank  tensor  of 
second-order  piezoelectricity,  and  a  third  rank  tensor 
of  second-order  permittivity.  In  the  resulting  Eq. 

(26),  the  magnitude  of  the  polarizing  effect  also 
depends  on  the  orientation  of  the  plate,  its  thickness, 
the  electrode  separation,  the  acoustic  mode,  and  the 
order  of  the  harmonic. 

In  conjunction  with  the  experimental  values  for 
the  magnitude  of  the  polarizing  effect,  Eq.  (26)  led 
to  the  determination  of  several  components  and  compo¬ 
nent  combinations  of  the  tensors  of  the  second-order 
effects.  Insofar  as  one  can  conclude  from  the  small 
number  of  values  obtained,  namely  five,  the  order  of 
magnitude  of  the  electroelastic  tensor  components  5^,,, 
is  10°  NV'lm'l ,  and  that  of  the  second-order  piezo¬ 
electricity  tensor  components  qj.  is  10*30  uv*2.  the 
only  independent  component  t ^  or  the  second-order 
permittivity  was  found  to  be  of  the  order  of  10*20 
FV.  The  ability  of  these  quantities  to  reproduce 
the  original  experimental  data  Is  better  than  3Z  on 
the  average. 

The  electroelastic  effect  appears  to  be  pri¬ 
marily  responsible  for  the  frequency  changes  observed, 
namely  for  the  larger  values  of  the  polarizing  effect 
of  the  order  of  10*31  Vm*3.  The  converse  piezoelectric 
effects  ranks  second,  with  contributions  of  the  order 
of  10*12  v*3m.  In  general,  the  second-order  piezo¬ 
electricity  and  the  second-order  permittivity  seem  to 
be  of  less  Importance.  This  view  is  supported  by 
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several  results  obtained  when  the  latter  two  effects 
were  formally  neglected,  namely  the  numerically 
successful  interpretation  of  the  polarizing  effect  by 
means  of  the  cumulative  electroelastic  tensor,  the 
agreement  between  the  values  of  its  components  when 
calculated  from  independent  experimental  data,  and  the 
accuracy  of  the  predictions  about  the  magnitude  of  the 
polarizing  effect.  The  same  view  is  also  supported  by 
a  series  of  unsuccessful  attempts  to  obtain  similar 
results  when  the  conditions  were  reversed  i.e,  when  the 
tensors  of  the  second-order  piezoelectricity  and  of  the 
second-order  permittivity  were  retained  while  the 
electroelastic  tensor  was  formally  excluded  from  the 
calculations. 


The  electroelastic  tensor  was  calculated  on  a  few 
previous  occasions  using  a  simpler  or  somewhat  differ¬ 
ent  approach.  The  complete  set  of  eight  electroelastic 
tensor  components  presented  by  (Custers**  comes  from  an 
independent  source.  Considering  the  method  of  their 
calculation,  they  correspond  very  closely  to  the 
cumulative  electroelastic  tensor  components  in  the 
present  paper.  Using  their  actual  numerical  values^5 > 
a  comparison  with  our  results  is  made  in  Table  IV.  If 
we  realize  that  except  for  the  order  of  magnitude 

of  the  components  8  in  Ref.  4  is  10  NvlnT^to  102 
NV'lm"!  ,  the  degreed?  agreement  is  surprisingly  good. 


The  magnitude  of  the  probable  errors  in  the 
calculated  second-order  quantities  in  Tables  II-IV 
appear  to  be  compatible  with  the  estimated  experimental 
errors  and  with  the  magnitude  of  the  contributions  of 
these  quantities  to  the  polarizing  effect. 

The  differences  between  the  comparable  quantities, 
in  Tables  II  and  III  and  in  Table  IV,  typically  several 
percent  and  In  some  cases  larger,  are  likely  to  be  a 
consequence  of  the  combined  effects  of  the  experimental 
errors  and  of  the  lumping  of  the  second-order  peizo- 
electriclty  and  the  second-order  permittivity  in  the 
components  of  the  cumulative  electroelastic  tensor. 

In  addition  to  it  one  should  consider  the  possible 
effect  of  the  terms  reducing  the  symmetry  of  the 
second-order  tensors  treated  in  this  paper.  These 
terms  were  found  present  in  the  nonlinear  study?  of 
the  polarizing  effect  referred  to  earlier.  It  is  not 
at  all  clear  at  this  stage  which  of  the  three  mentioned 
sources  of  discrepancies  is  the  most  serious  one. 


In  general,  this  work  represents  a  substantial 
improvement  over  the  former  numerical  results** ,  5.  it 
is  based  on  an  enlarged  set  of  experimental  data 
covering  all  the  three  thickness  modes.  In  addition 
to  the  electroelastic  effect,  it  numerically  relates 
the  polarizing  effect  to  other  second-order  phenomena. 
It  yields  the  values  of  the  computed  electroelastic 
tensor  components  with  substantitally  reduced  errors. 
Also,  the  quality  of  reproduction  of  the  experimental 
data  is  improved  in  spite  of  their  larger  quantity. 

The  fact  that  a  part  of  the  experimental  data  serving 
as  a  basis  for  this  paper  has  already  been  used5  makes 
it  particularly  easy  to  notice  the  improvement. 

This  voTk  on  the  polarizing  effect  has  been 
prompted  by  the  current  interest  in  second-order 
phenomena.  Its  general  purpose  is  to  demonstrate  that 
the  polarizing  effect  deserves  attention  because  of 
the  fact  that  its  analysis  may  contribute  to  the  study 
of  second-order  effects. 
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The  magnitude  of  the  polarizing  effect  (l/f).(&f/&E)  for 
the  fundamental  frequency  of  the  thickness  modes  of  plated 
cuts  of  thickness  0.6  *  10“3  m  and  orientation  (xzl)* .  The 
observed  values  marked  A  ,  A ,  and  #  correspond  to  the 
modes  A,  B,  and  C  respectively.  The  curves  are  calculated 
by  means  of  Eq.  (38)  and  the  second-order  quantities  from 
Table  II.  The  appearance  of  the  plotted  curves  does  not 
change  appreciably  in  this  scale  when  their  calculation  Is 
repeated  using  Eq.  (39)  and  the  second-order  quantities  from 
the  column  marked  (xzl)f  In  Table  III. 


The  magnitude  of  the  polarizing  effect  for  the  plates  ■>* 
orientation  (xzw)*.  The  curves  are  calculated  hv  means  r 
Fq.  (40)  and  the  second -or dtr  quantities  from  the  oolum;- 
marked  (xzv) !  in  Table  IV.  Other  explanatory  remarks  ar 
identical  with  those  made  for  figure  1. 


Ints  correspond  to  the  observed  values.  The  curves  are 
Iculated  by  means  of  the  observations  of  the  polarizing 
’ect  for  the  plates  of  orientation  (xzv)l .  nther  expia¬ 
tory  remarks  are  identical  with  those  made  for  Figure  I 


Correspondence  between  the  three  index  and  the  single  index 
notations  for  the  components  of  the  second-order  permittivity 
tensor.  A  simple  assignment  rule  A  *  n  .  r  .  s  generates  ten 
Greek  indices  A  easily  related  in  both  directions  to  the  original 
triads  of  the  Latin  indices  n  r  s  .  The  rule  can  be  used  provided 
that  the  Kleinman  conditions**  are  applicable. 


(xzl)* 

NV"1m"1  3.06 

t 

0.04 

NV^m"1  1.06 

+ 

0.04 

Nv“1rrf1  -2.12 

+ 

0.08 

H 

W 

1 

(Vi 

1 

> 

z 

0 

1 

0 

H 

+ 

0.28 

10-20  FV_1  4.27 

+ 

1.27 

Slll  +  1,63  x  10^  qu  NV 

Sl4l  ‘  l*00  S44l  -  8241  nv 

8221  +  2,00  S44l  "  1,62  X  l°9  qU  Nv 
q4l  10- 


TABLE  II  Values  for  some  components  of  the  tensors  of  the  second-order 
effects  of  a-quartz  at  20°C.  The  values  are  calculated  using 
the  31  observations  of  the  polarizing  effect  for  the  plates 
of  orientation  (xzl)t  shown  In  Fig.  1.  The  quantities  6*  = 

^cX.p/®En  are  che  components  of  the  electroelastic  tensor  of 
Ot-quartz.  The  quantities  q^  are  the  components  of  the  second- 
order  piezoelectricity  tensor  defined  as  q^jn,, 
where  the  pairs  of  Latin  indices  ij  and  ran , J (1 , j ,m,n  £  1,2,3), 

are  replaced  by  the  Greek  \  and  (X.,  p.  =  1 . 6)  in  the  usual 

manner.  The  quantity  t^  =  3ej^/9Ej  is  the  only  Independent 
nonzero  component  of  the  second-order  permittivity  tensor  of 
ot-quartz.  The  coefficients  1  .63  x  109  and  1.62  x  109  have  the 
dimensions  of  Vm“*.  The  tolerances  are  stated  in  terms  of  the 
mean  probable  error. 


twfim 


SVn 

(xzl)Y 

(xaw)<x> 

NV 

H 

1 

8 

H 

1 

2.98  +  0.03 

2.90  ±  0.10 

®l4l  ~  1,00  844l  "  S24l 

0.93  t  0.03 

0.98  ±  0.09 

S221  +  2- 00  844l 

-1.86  t  0.04 

-1.74  ±  0.06 

TABLE  III  Values  for  some  cumulative  electroelastic  tensor  components 
of  of-quartz  at  20^C,  The  values  in  the  two  columns  are 
calculated  independently,  using  the  observations  of  the 
polarizing  effect  for  the  plates  of  orientations  (xzlty 
and  (xzw)$  shown  in  Figures  1  and  2  respectively.  These 
values  are  obtained  if  'the  interpretation  of  the  polarizing 
effect  is  based  solely  on  the  electroelastic  and  the 
converse  piezoelectric  effects,  i.e.  neglecting  the  second- 
order  permittivity  and  the  second-order  piezoelectricity. 
Other  explanatory  remarks  are  identical  with  those  made  for 
Table  II. 


(xzw)<J> 

mm 

(xzlw)¥<t> 

Kusters 

*111 

2.90  ±  0.10 

2.96  ±  0.03 

2.97 

*131  -  °*42  8221  +  °*25  834l 

o;66  ±  0.11 

0.68  ±  0.05 

O.32 

8l4l  "  °*2^  8221  “  °*^7  S34l 

0.88  ±  0.04 

0.90  ±  0.03 

0.39 

8 241  "  0,76  S221  “  0,67  834l 

0.77  i  0.08 

0.88  ±  0.04 

-1.46 

*441  +  °*5°  8221 

-0.87  *  0.03 

-0.90  ±  0.02 

-0.39 

*153  +  0,60  8221  ”  0,51  834l 

-1.03  ±  0.07 

-1.01  ±  0.04 

-0.78 

TABLE  IV  All  components  of  the  cumulative  electroelastic  tensor  that  can  be  calculated 

from  observations  of  the  polarizing  effect  with  the  plates  of  orientation  (xzw)f. 
The  values  calculated  using  the  29  observations  from  Fig. 2  are  given  in  the  column 
marked  (xzw)f .  The  values  In  the  ne"xt  column  are  calculated  by  means  of  all  61 
experimental  data  available  in  this  paper.  The  degree  of  agreement  with  the  values 
in  the  last  column  is  properly  appreciated  only  if  it  is  realized  that  the  orders 

of  magnitude  of  the  values  for  the  components  5,,. ,  . . and  6.  ,,  given  by 

Kustera^.H  are  10  NV"^m"l  and  10*  NV"*m"l.  Other^explanStory  remark I are  Identical 
with  those  made  for  Tables  II  and  III. 
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COERCIVE  STRESS  FOR  FERROB I ELASTIC  TWINNING  IN  QUARTZ 
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Sumaary 

The  coercive  stress  for  ferrobielastlc  twinning  in 
quartz  has  been  measured  using  a  uniaxial  stressing  jig 
at  room  temperature  and  at  168,  208,  318  and  355°C.  At 
the  three  lowest  temperatures,  stripe-shaped  domains 
were  Induced  with  walls  parallel  to  the  optic  axis. 

When  the  stripe-shaped  domains  spanned  the  crystal  from 
edge  to  edge,  they  began  to  expand  uniformly  in  the  X2 
direction,  maintaining  the  domain  walls  with  minimum 
strain  mismatch.  With  continued  Increase  In  stress, 
the  samples  converted  completely  to  the  alternate 
Dauphine  twin  state  with  an  audible  snapping  sound.  At 
room  temperature,  when  the  stress  was  relieved,  the 
sample  switched  back  to  Its  original  state,  but  at  148, 
208,  318  and  355°C  no  switchback  was  observed. 

At  temperatures  above  318°C,  no  stripe-shaped 
twins  were  observed,  but  rather  an  Irregular  domain 
expanded  In  all  directions  without  regard  to  domain 
wall  restrictions  until  the  entire  sample  had  switched. 

In  general,  as  the  temperature  was  Increased,  the 
coercive  stress  for  domain  nucleatlon  decreased  at  a 
rapid  rate  over  the  temperature  range  tested.  It 
appeared  as  though  the  structural  bias  waB  annealed  out 
at  elevated  temperatures  and  that  domain  wall  strain 
mismatch  decreases  rapidly  with  temperature. 

Key  Words  Twinning,  Ferrobielastlclty ,  Domains, 
Dauphine  Twins,  Coercive  Stress,  Mechanical  Twinning. 

Introduction 

Several  types  of  twinning  can  occur  in  quartz. 
'Brazil'  twins  are  growth  twins,  and  if  absent  from 
the  original  crystal,  they  cannot  be  induced  late.- 
without  breaking  strong  silicon-oxygen  bonds.  Elec¬ 
trical,  or  Dauphine  twins  on  the  other  hand  have 
orientation  states  related  by  a  180°  rotation  about 
the  trigonal  axis;  i.e.,  the  positive  x-axls  in  one 
state  becomes  Che  negative  x-axis  in  the  complementary 
twin  state  (Fig.  1).  The  atomic  shifts  necessary  to  go 
from  one  twlno8tate  to  the  other  Involve  motions  of 
less  than  0.3A  and  require  no  breaking  of  silicon- 
oxygen  bonds. 

The  subtle  distortions  which  occur  In  Dauphine 
twinning  are  associated  with  the  loss  of  symmetry 
which  takes  place  at  the  B  and  a  phase  transition 
(from  point  group  622  to  32)  and  are  consistent  with 
the  ferrolc  species  622F32  in  the  notation  of  Alzu.3 
For  this  species  It  should  be  possible  to  move  the 
twin  walls  by  the  application  of  a  suitable  mechanical 
stress  (ferrobielastlc  switching)  or  a  suitable  com¬ 
bination  of  elastic  and  electric  fields  (ferroelasto- 
electrlc  switching).  In  the  former  case  the  'driving 
force'  Is  associated  with  tne  change  in  sign  of  the 
compliance  element  Sj^jl  between  twin  states,  and  In 
the  latter  case,  through  the  change  of  sign  In  the 
piezoelectric  element  dm  between  states. 

The  phenomenon  of  stress-induced  twinning  and  de- 
twlnnlng  of  quartz  has  been  known  for  many  years3; 
however,  this  ferrobielastlc  switching  does  not  appear 
to  have  been  properly  and  systematically  studied  with 
well  defined  elastic,  thermal  and  electrical  boundary 
conditions. 

Such  studies  are  of  basic  Interest  In  that  they 


will  contribute  to  a  better  understanding  of  the  nature 
of  the  bielaetlc  twin  wall.  Its  mode  of  motion  and  the 
relation  to  the  phenomena  of  ferroelectric  and  ferro- 
elastlc  twin  trail  motion.  The  studies  are  also  of 
practical  Importance  for  three  areas: 

(1)  In  attempting  to  exploit  the  control  of 
elastic  and  piezoelectric  properties  afforded  by  the 
twinning  operations3.  It  is  important  to  be  able  to 
control  the  shape,  volume  and  spatial  arrangement  of 
the  twin  components.  The  elastic  coercivlty  and  Its 
orientation  dependence  under  different  driving  fields 
are  clearly  of  cardinal  Importance; 

(11)  For  the  correct  processing  of  present  single 
crystal  (monodomain)  resonators  and  control  devices.  It 
is  obviously  highly  desirable  to  know  the  limiting 
environmental  parameters  below  which  twinning  will  not 
be  Induced; 

(111)  Certain  geophysical  problems  require  an 
understanding  of  the  plastic  deformation  of  quartz 
bearing  rocks  at  very  high  stress  levels.  Under  these 
conditions  blelastlc  twin  motion  may  be  possible,  and 
may  Interact  with  other  deformation  mechanisms. 

In  this  study,  the  orientation  dependence  of  the 
elastic  drive  function  for  ferrobielastlc  switching  has 
been  determined  for  a  simple  biaxial  stress  system 
applied  to  single  domain  crystals.  The  symmetry  of  the 
drive  function  profile  has  been  verified  by  thermally 
Induced  switching  experiments  under  limited  laser  heat¬ 
ing.4 

For  the  orientations  where  the  drive  field  require¬ 
ments  are  a  minimum,  the  coercive  stress  has  been 
examined  as  a  function  of  temperature  using  a  simple 
uniaxial  stressing  jig.  In  this  arrangement  the 
appearance  of  Dauphine  twins  can  be  monitored  optically 
in  polarized  light  since  the  photoelastic  coefficient 
711123  changes  sign  between  orientation  states. 

Experimental 

The  quartz  bars  used  in  the  ferrobielastlc  switch¬ 
ing  experiments  were  fashioned  from  large  synthetic 
single  crystals  which  were  commercially  produced  using 
hydrothermal  techniques.  The  samples  were  optically 
clear  and  free  from  obvious  imperfections.  No  twins 
were  detectable  in  the  virgin  samples. 

X-cut  quartz  bars  were  used  in  the  switching  ex¬ 
periments.  The  orientation  of  each  crystal  was  deter¬ 
mined  using  the  Laue  x-ray  technique.  From  a  single 
Laue  photograph  parallel  to  a  dlad  axis,  the  X2(~L120]) 
and  X3(-[00l])  directions  as  well  as  the  sense  (posi¬ 
tive  or  negative)  of  the  Xi(»[l00])  axis  can  be  deter¬ 
mined. 

Having  established  the  orientation  of  the  crystal 
axes,  the  samples  were  cut  with  a  diamond  saw  Into 
rectangular  bars  with  the  fsces  to  be  stressed  rotated 
about  the  X^  axis  to  form  45°  angles  with  the  X2  and  X3 
axes  (Fig.  2).  Typical  sample  dimensions  were  approxi¬ 
mately  0.8  x  0.8  x  0.4  cm3  with  the  thin  dimension 
parallel  to  the  Xj  axis.  The  surfaces  to  be  stressed 
were  then  lapped  parallel  and  the  faces  perpendicular 
to  X3  pol  shed  sufficiently  to  render  them  transparent. 

The  pressure  cell  employed  In  these  experiments  Is 


defined,  highly  oriented,  stripe-shaped  domain  states 
observed  in  the  forvard  process.  Switch-back  began  in 
the  area  of  the  crystal  which  was  last  to  twin  in  the 
forward  process.  The  domain  was  singular  and  shapeless 
and  expanded  on  a  broad  hazy  front  until  the  entire 
crystal  had  switched  back  at  zero  applied  stress. 

It  was  observed  that  the  growth  of  domain  states 
proceeds  with  a  definite  velocity  and  that  there  is  a 
lag  between  applied  stress  and  domain  growth.  Once  the 
twinning  process  has  begun,  the  applied  stress  can  be 
held  constant  while  twins  continue  to  grow  for  some 
time  thereafter.  Typically,  for  virgin  material, 
stripes  grow  in  length  parallel  to  X3  until  they  span 
the  crystal  from  edge  to  edge  and  then  begin  to  grow 
wider  along  the  X2  direction. 

As  indicated  previously,  the  initial  coercive 
stress  and  subsequent  switch-over  stress  depend  on  the 
past  history  of  the  sample.  The  sample  with  the  lowest 
coercive  stress  contained  several  twins  prior  to  per¬ 
forming  the  stressing  process.  The  samples  with  the 
largest  coercive  stress  had  previously  been  squeezed  in 
a  direction  which  stabilized  the  existing  twin  state. 


illustrated  in  Fig.  3.  The  two  opposing  rams  were 
fashioned  from  cylindrical  bars  of  tungsten  carbide 
with  ends  polished  perpendicular  to  the  ram  axis.  The 
sleeve  was  produced  from  S.A.E.  1018  mild  steel  and  was 
bored  to  produce  a  ram-sleeve  clearance  of  0.004  cm. 

A  sample  chamber  for  sample  loading  and  optical  obser¬ 
vation  and  two  thermocouple  openings  were  machined  per¬ 
pendicular  to  the  sleeve  axis. 

The  stressing  jig  is  illustrated  in  Fig.  4  and 
features  an  Enerpac  RC53  hydraulic  ram,  a  B.L.H. 
Electronics  Type  C3P1  load  cell,  and  a  Daytronic  Model 
700  digital  strain  gauge  Indicator.  To  stabilize  and 
protect  the  hydraulic  ram  and  strain  gauge  from  the 
effects  of  elevated  temperatures,  all  the  pistons  are 
water  cooled.  All  contacting  surfaces  along  the  stress 
path  have  been  machined  flat  and  perpendicular  to  the 
stress  axis. 

The  pressure  cell  was  completely  encased  in  a 
resistance-wound  furnace  with  temperatures  controlled 
by  a  Wheelco  temperature  controller  and  chromel-alumel 
thermocouples.  Sample  temperature  was  also  sensed  by  a 
second  chromel-alumel  thermocouple  in  direct  contact 
with  the  crystal  bar  and  monitored  by  a  Fluke  Model 
8300  digital  milllvoltmeter.  Each  thermocouple  used  an 
ice  water  reference. 

Since  the  Dauphine  twin  states  in  quartz  can  be 
discerned  optically  under  stress  in  polarized  light,  a 
high  intensity  light  source,  a  polarizer-analyzer  com¬ 
bination  and  a  telemicroscope  were  positioned  as  illus¬ 
trated  in  Fig.  4.  An  aperture  was  drilled  through 
opposite  sides  of  the  furnace  for  illumination  and 
observation  of  the  sample. 

Results 

With  a  quartz  bar  loaded  in  the  stressing  jig  and 
oriented  as  indicated  in  Fig.  2,  and  with  the  polarizer 
and  analyzer  set  to  optical  extinction,  a  uniaxial 
stress  was  slowly  applied.  The  stress  level  at  which 
twins  were  first  observed  to  nucleate  was  noted  and 
then  allowed  to  Increase.  Twins  continued  to  nucleate 
and  expand  until  finally  the  entire  crystal  switched 
suddenly  to  the  alternate  twin  state. 

At  room  temperature,  23°C,  3tripe-shaped  domains 
nucleated  from  the  edge  of  the  bars  at  stress  levels 
between  2.4  -  2.7  x  10*  nt/cm^  (Fig.  5a),  depending  on 
the  sample's  past  history,  and  continued  to  grow  in  the 
X3  direction  (Fig.  5b). 

The  advance  of  these  domains  was  not  always  con¬ 
tinuous  but  was  often  abrupt  and  step-like.  With  the 
application  of  still  higher  pressures,  the  domains 
eventually  spanned  the  crystal  from  edge  to  edge;  new 
states  continued  to  nucleate  and  grow  until  the  samples 
were  completely  lined  with  domains.  At  this  point 
domains  began  to  expand  in  the  X2  direction  (Fig.  5c) 
until  finally  the  sample  quite  abruptly  switched  to  its 
energetically  lower  twin  state.  Switch-over  was 
accompanied  by  an  audible  snap. 

At  room  temperature,  the  stress  required  for 
switch-over  was  4.0  -  5.5  x  10*  nt/cm^,  once  again 
depending  on  the  crystal's  past  history.  Continued 
Increases  in  the  applied  stress  beyond  the  point  of 
switch-over  had  no  further  visible  effect  on  the  twin 
state  of  the  crystal  and  no  additional  twin  motion  was 
observed. 

When  the  pressure  was  slowly  removed  from  samples 
which  were  partially  twinned,  a  switch-back  process 
occurred  at  stresses  of  about  2.3  x  10^  nt/cm^.  The 
shape  and  orientation  of  the  domain  states  associated 
with  switch-back  are  quite  different  from  the  well 


With  a  second  application  of  stress  in  the  forvard 
direction,  it  was  discovered  that  the  coercive  stress 
to  nucleate  twins  was  typically  an  order  of  magnitude 
lower  than  that  measured  during  the  first  stress  appli¬ 
cation.  Likewise,  the  stress  required  for  complete 
switch-over  was  reduced  to  about  half  the  value  re¬ 
corded  for  the  first  switch-over.  Twins  were  observed 
to  begin  nucleation  in  the  range  3.4  -  4.4  x  10^  nt/cm  , 
with  complete  switch-over  occurring  at  1.5  -  2.9  x  10* 
nt/cm^.  xhe  switch-back  process  became  noticeable  at 
1.8  x  10^  nt/cm^  as  the  applied  stress  was  relaked. 


Subsequent  stress  applications  showed  that  after 
the  second  switch-over,  the  pressure  necessary  to 
initiate  domain  movement  and  switch  over  stabilized  at 
slightly  lower  values.  If  the  pressure  was  increased 
beyond  that  required  for  switch-over,  the  stress  nec¬ 
essary  to  move  twins  in  the  subsequent  trial,  as  well 
as  that  required  for  switch-over,  was  reduced.  Repeti¬ 
tion  of  this  process  twenty  times  at  stress  levels  well 
beyond  those  required  for  switch  over  (up  to  9  x  10* 
nt/cm^)  caused  the  crystal  to  cease  switching  back;  the 
crystal  remained  in  the  alternate  Dauphine  twin  state. 

Rotating  the  crystal  90°  about  the  Xj  axis  and 
once  again  applying  a  stress  caused  the  sample  to 
switch  back  to  the  original  state.  The  stress  level 
necessary  to  accomplish  this  reversal  was  much  lower 
than  that  which  was  necessary  to  go  in  the  forward 
direction.  Once  the  crystal  has  undergone  switch-back 
to  the  original  state,  it  does  not  experience  any  back 
switching  and  remains  in  the  original  state. 

If  once  again  the  crystal  is  rotated  90°  about  the 
axis,  back  to  the  initial  stressing  orientation,  one 
notes  that  the  shape  of  the  stress  Induced  twins  has 
changed.  Instead  of  being  stripes  which  grow  along  the 
X3  direction,  the  domains  are  pointed  with  an  apex 
angle  of  90°  and  grow  equally  fast  in  both  the  X2  and 
X3  directions.  After  switch-over,  no  switch-back  is 
observed. 

That  the  sample  had  Indeed  switched  from  one  tvln 
state  to  the  other  during  these  experiments  was  also 
verified  electrically.  The  sign  of  the  piezoelectric 
modulus  di21  was  measured  prior  to  stressing  the 
crystal.  Measurement  after  the  crystal  had  been 
observed  to  optically  switch  showed  that  the  dj22  co¬ 
efficient  had  changed  sign,  indicating  that  the 
polarity  of  the  Xj  axis  had  changed  and  that  the 
crystal  had  truly  switched. 
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At  temperatures  of  148°C  and  208°C,  the  resulta 
for  two  different  8anples  were  similar  to  those 
obtained  at  room  temperature.  Stripe-shaped  twins 
nucleated  at  an  edge  of  the  crystal  and  expanded  in 
the  X3  direction  until  they  extended  from  edge  to  edge. 
At  that  point,  growth  in  the  X2  direction  was  observed 
until  finally  the  crystals  switched  over  to  the  alter¬ 
nate  twin  atate.  No  switch-back  was  observed  when  the 
stress  was  removed.  This  also  was  verified  by  measure¬ 
ment  of  the  sign  of  the  piezoelectric  modulus  dj^j. 


terms  in  i*ij|ci0ijaki/2  and  simplifying,  we  obtain 
4*1123 (CT11CT23  -<t22c23  +  2a12°13^  “*  the  ener8y  differ¬ 
ence  between  Dauphin!  twin  states. 

Thus  the  stress  combination  required  to  produce 
ferrobielastlc  switching  is  033023  -  022°23  +  2<J12°13' 
Whenever  this  combination  is  large,  twin  wall  motion 
may  result.  This  expression  has  been  evaluated  for 
X-cut  crystals  assuming  that  the  stresses  lie  within 
the  plane  of  the  plate. 


The  only  detectable  difference  in  the  results  re¬ 
corded  at  148°C  and  208°C  was  a  lowering  of  the 
stresses  required  to  nucleate  twins  and  for  complete 
switch-over.  At  148°C,  twins  began  to  appear  at  1.20 
x  10^  nt/cm2  and  complete  switch-over  was  evident  at 
1.80  x  10*  nt/cm2.  At  208°C,  twins  began  growing  at 
1.12  x  10^  nt/cm 2  and  complete  switch-over  was 
observed  at  1.93  x  10*  nt/cm2. 

At  318°C,  twinning  was  observed  to  begin  at  3.40 
x  103  nt/cm2  and  the  sample  had  completely  switched 
over  at  1.28  x  10^  nt/cm2.  However,  stripe-shaped 
domains  no  longer  were  evident.  The  domains  bear  a 
strong  resemblance  to  those  described  in  the  switch- 
back  process.  The  domain  began  at  an  edge  and  was 
singular.  As  stress  was  increased,  the  domain  grew  as 
a  volume  with  irregular  shape  and  orientation  and 
moved  continuously  across  the  sample  until  complete 
switch-over  resulted.  There  was  no  audible  snap  at 
switch-over  and  no  switch-back  when  the  stress  was 
released. 

Results  obtained  at  355°C  showed  twins  which  be¬ 
haved  similarly  to  those  noted  at  318°C.  Domains  were 
initiated  at  a  stress  level  of  2.27  x  103  nt/cm2  with 
complete  switch-over  occurring  at  4.5  x  103  nt/cm2. 

It  is  interesting  to  note  that  the  coercive  stress  has 
been  reduced,  at  these  higher  temperatures,  to  the 
point  where,  but  for  the  temperature,  a  good  hard  pinch 
with  the  fingers  would  be  sufficient  to  induce  twinn¬ 
ing.  Clearly,  this  possibility  should  be  kept  in  mind 
during  any  high  temperature  processing  of  quartz  for 
resonator  applications. 

A  comment  should  be  made  concerning  the  size  of 
the  stripe-shaped  domains.  While  no  concerted  effort 
has  yet  been  made  to  measure  the  size  of  each  domain, 
an  estimation  of  the  density  of  twins  across  the  face 
of  the  sample  would  seem  to  indicate  that  the  domain 
width  is  between  2-20  yra.  Since  no  Judgement  was 
made  concerning  the  depth  of  the  field  of  view,  it  is 
not  known  how  deep  the  domains  extend  into  the  bulk  of 
the  sample.  It  was  observed,  however,  that  domains 
appear  to  nucleate  and  grow  in  areas  which  are  behind 
existing  observed  domains  and  hence  the  twins  do  not 
extend  continuously  from  surface  to  surface  along  the 
polar  axis. 


Discussion 


To  explain  the  observed  domain  patterns  in  quartz 
we  examine  the  free  energy  function  for  twinned 
crystals.3  Ferrobielastlc  switching  is  governed  by 
the  term  As j kiaijak.l/2  involving  elastic  compliances 
(Sijia)  and  applied  mechanical  stresses  (opj.Oj^).  a- 
quartz  has  six  independent  elastic  compliance  coeffi¬ 
cient:  sull,  Sll22>  SU33>  ®1123>  *2323’  and  *3333’ 
For  a  composite  crystal  containing  Dauphlne  twins 
referred  to  a  common  set  of  axes,  the  sign  of  the  co¬ 


efficient  *ii23  is  reversed  for  the  two  twin  states. 
The  other  five  independent  coefficients  are  not 
affected  by  Dauphlne  twinning.  The  active  coefficient 
s1123  *®  symmetry-related  to  a  number  of  others: 

*1123  *  *1132  -  *2311  *  *3211  "  ‘*2223  "  **2232  * 
**2322  "  **3222  *  *1312  "  *3112  “  *3121  “  *1213  * 

*1321  "  *1231  “  *2113  "  *2131 •  Substituting  these 


The  coordinate  system  for  X-cut  quartz  is  shown 
in  Fig.  6.  Let  a  be  a  compressive  stress  along  X3,  an 
arbitrarily  chosen  reference  direction  In  the  plane  of 
the  plate.  X3  forms  an  angle  a  with  respect  to  X,  and 
an  angle  ir/2  -  a  with  X2,  where  X2  is  the  crystallo¬ 
graphic  [120]  direction  and  X3  is  [00l].  X,,  the 

direction  normal  to  the  X-cut  plate,  is  [lOOJ.  Trans¬ 
forming  the  stress  0  into  stress  components  o, , ,  we 
find  that  the  switching  stress  combination  033623  - 
°22a23  +  2a12°13  is  equal  to  -02sin3  a  cos  a.  From 
this  result  it  is  apparent  that  stresses  along  X3 
(a  ■  0°)  and  X2  (a  “  90°)  are  useless  in  promoting 
twin  wall  motion.  The  best  orientation  is  a  *  60°,  as 
shown  in  Fig.  6,  where  033023  -  o22o23  +  2a12°13  *® 
plotted  as  a  function  of  stress  orientation.  The  solid 
line  shows  the  stress  directions  stabilizing  one  twin, 
the  dashed  line  the  other.  This  means  that  compressive 
stresses  in  the  first  and  third  quadrants  favor  one 
twin,  while  orientations  in  the  second  and  fourth 
favor  the  other.  Thus,  if  the  plate  is  untwinned 
initially,  only  odd-quadrant  stresses  will  produce 
switching  while  even  quadrant  stresses  further  stabi¬ 
lize  the  existing  twin  state.  These  calculations  are 
confirmed  by  the  experimental  observations. 

The  stress  angle  a  -  45°  was  chosen  to  facilitate 
the  crystal  being  stressed  in  both  the  forward  and 
reverse  directions  without  having  large  differences  in 
the  stress  levels.  With  a  “  45°,  the  stress  required 
to  produce  domain  wall  motion  is  increased  only  23Z 
from  that  which  is  required  for  stresses  oriented 
along  the  easiest  direction  (a  -  60°).  Had  a  «  60° 
been  chosen  as  the  initial  stress  direction,  the 
stress  required  for  domain  reversal  (a  *  -30°)  would 
have  been  increased  by  67%,  possibly  producing  plastic 
deformations  and  irreversible  damage  to  the  crystal 
which  would  not  have  been  experienced  in  the  ini-ial 
orientation.  Thus,  a  =  45°  is  the  most  useful  stress 
direction  for  the  geometry  utilized  in  this  experiment. 


It  was  observed  that  the  bielastlc  domain  walls 
in  quartz  prefer  to  develop  parallel  to  the  X-  optic 
axis.  This  domain  wall  preference  can  be  explained  in 
the  following  manner.  Under  stress,  the  domains  in  a 
ferrobielastlc  react  differently  because  of  differences 
in  the  elastic  moduli.  For  a  given  set  of  stresses 
ok 3,  the  induced  strain  in  the  first  orientation  state 
is  “  ^®ijklclkl-  *n  t*>e  *ecor>d  orientation  state. 
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(he  same  set  of  stresses  produce  strains 
®ijklakl'  The  strain  mismatch  Ac 33  be tween* domains 
is  equal  to  *€33  -  ^-33  •  (*83314  -  2®ijkl*akl-  A11 
mismatch  disappear  when  the  applied  stress  is  zero. 
It  is  also  zero  when  the  difference  in  compliance  is 
zero;  however,  this  can  only  be  true  for  certain 
directions  in  a  ferrobielastlc  material.  In  quartz 
the  strain  mismatch  between  Dauphlne  twins  is: 
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where  83333  “  "6*52  x  10“®  cm2/nt. 

Aa  the  equations  show,  strain  mismatch  depends  on 
applied  stresses  but  is  always  zero  for  certain  direc¬ 
tions  such  as  X3.  If  an  axial  system  Identical  to  that 
of  Fig.  6  Is  chosen,  Che  angular  dependence  of  the 
strain  mismatch  in  the  X2  -  X3  plane  can  be  evaluated 
for  the  stress  geometry  used  In  this  study.  The  result 
is  that  a  strain  compatible  direction  other  than  along 
X3  exists  and  Is  dependent  on  the  stress  angle  a.  For 
the  stress  angle  a  •  45°,  the  direction  of  zero  stress 
mismatch  Is  at  an  angle  -64.43°  in  the  X2  -  X3  plane. 
Nevertheless,  no  domains  were  observed  with  walls 
parallel  to  this  direction. 

Since  all  strain  differences  are  a  function  of  the 
elastic  compliance  element  S3333  end  since  33323  de¬ 
creases  with  temperature  to  zero  at  the  a-0  phase  tran¬ 
sition  at  573°C,  the  induced  strain  incompatibilities 
have  virtually  disappeared  at  temperatures  near  the 
transition.  The  experimental  results  at  308°C  indicate 
that  the  compliance  element  S3323  has  been  sufficiently 
reduced  to  allow  domain  walls  to  nucleate  and  grow  in 
nearly  any  direction. 

Recall  that  the  bielastic  energy  difference  bet¬ 
ween  the  two  Dauphlne  twin  states  is  also  proportional 
to  83323.  However,  since  the  energy  difference  is 
quadratic  in  stress  while  the  strain  mismatch  is 
linear,  the  strain  mismatch  evidently  relaxes  before 
any  pronounced  reductions  in  blelastlc  switching 
efficiencies  are  encountered.  Even  though  83333 
approaches  zero  at  the  573°C  transition,  the  energy 
barrier  which  must  be  overcome  to  drive  one  domain 
state  Into  its  twin  state  also  decreases  and  at  a 
faster  rate.  This  is  supported  by  the  observation 
that  the  stress  required  to  initiate  twinning  decreases 
with  increasing  temperature.  Spontaneous  Dauphlne 
twinning  on  the  microscale  several  degrees  below  the 
573°C  transition  has  been  reported  for  many  varieties 
of  quartz.6 

At  lower  temperatures  the  twins  expand  with  the 
preferred  wall  direction  parallel  to  X3.  When  the 
twins  extend  from  edge  to  edge,  they  begin  to  grow  in 
the  X2  direction  and  hence  wall  compatibility  is  re¬ 
tained. 

The  phenomenon  of  spontaneous  switch-back  at  room 
temperature  is  probably  due,  at  least  in  part,  to  the 
fact  that  the  crystals  vsre  produced  hydrothermally 
below  the  phase  transition.  A  structural  bias  was 
probably  established  when  impurities  and  dislocations 
were  trapped  by  the  lattice  in  such  a  way  as  to  pin  or 
stabilize  the  original  structural  state.  These  serve 
as  reservoirs  of  residual  internal  strains  and  when 
all  external  forces  are  relaxed,  these  strains  give 
rise  to  switch-back.  At  elevated  temperatures,  the 
strains  are  evidently  annealed  out  as  the  sample  is 
able  to  remain  in  the  complementary  twin  state  without 
undergoing  back  switching. 
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Flgure  1:  The  atomic  structure  of  quartz  in  the  region 
of  a  Dauphlne  twin  wall.  The  wall  is 
pictured  as  being  one  unit  cell  thick, 
although  there  is  no  direct  evidence  of 
this.  Atom  heights  are  expressed  in  units 
of  10~2  of  a  cell. 
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Figure  b:  Mechanical  1 y-induced  ferrobieiastic  twins  in  quartz  as  observed 
under  stress  in  polarized  light.  At  temperatures  up  to  20R°C 
stripe-shaped  twins  nucleated  at  an  edge  (a)  and  expanded  in  the 


X3  direction;  (b)  with  increasing  stress  until  they  extended  fror. 
edge  to  edge.  At  that  point,  growth  in  the  Xo  direction  and  <\  < 


was  observed  until  the  crystal  was  completely  lined  with  twins. 
Additional  force  then  caused  the  crystal  to  completely  switch 


over  to  the  alternate  twin  state. 


Figure  6:  The  upper  figure  illustrates  the  coordinate  system  used  to  derive  the  switching  stress  combination 
for  an  X-cut  quartz  plate  Xj  represents  the  stress  (o)  direction  and  lies  in  the  (X2,X3> 
plane;  the  angle  a  defines  the  angle  formed  between  the  stress  direction  and  the  Xj-axis. 

In  the  lower  figure  is  plotted  the  switching  stress  combination  (a2sin3  a  cos  a)  as  a  function  of 
the  angle  a.  The  solid  lines  indicate  directions  stabilizing  one  Dauphine  twin  state,  while  the 
dashed  line  represents  directions  stabilizing  the  other  twin  state.  Notice  that  stresses  directed 
along  either  the  X2-  or  Xj-axis  will  be  ineffective.  The  directions  of  maximum  stabilization  are 
a  •  60°  for  one  twin  state  and  a  ■  120°C  for  the  other. 
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Summary 

We  have  investigated  extensions  and  modifications 
of  previous  AIPO4  growth  techniques,  designed  to  over¬ 
come  the  difficulties  posed  by  the  fact  that  the 
temperature  coefficient  of  solubility  of  AIPO4  is 
negative.  On  the  assumption  that  solubility  could  be 
improved  even  at  higher  temperatures  provided  pressure 
was  kept  high,  we  investigated  crystal  growth  in  the 
range  150-325°C  at  1,000-10,000  psi.  The  preparation 
of  nutrient  material  of  large  enough  particle  size 
that  it  would  not  be  convected  in  the  hydrothermal 
fluid  and  become  included  in  the  crystal  posed  a 
problem.  Successful  techniques  for  the  recrystal¬ 
lization  of  small  particle  AIPO4  by  slowly  raising  the 
temperature  of  a.  hydrothermal  vessel  are  described.  A 
process  for  growth  by  slowly  increasing  the  tempera¬ 
ture  of  a  saturated  solution  and  a  process  for  growth 
in  a  temperature  gradient  where  the  large  particle 
nutrient  is  contained  in  a  basket  in  the  upper  cooler 
region  of  the  autoclave  are  described.  These  processes 
have  been  used  to  prepare  crystals  grown  on  seeds  at 
rates  up  to  16  mil/da. 

Introduction 

Aluminum  orthophosphate  \a1P0i,,  lithium 
tantalate,  LiTa03,  and  a  quartz,  Si02,  are  the  only 
piezoelectric  materials  where  a  suitably-rotated  plate 
of  single  crystal  material  can  provide  an  oscillator 
with  a  very  small  frequency-temperature  coefficient. 
Both  LiTa03  and  Si02  have  been  extensively  studied  and 
evaluated  and  both  find  piezoelectric  application. 

The  difficulty  of  preparing  single  crystals  of  AlPOu 
and  its  comparatively  rare  occurrence  as  reasonably- 
sized  crystals  (as  the  mineral  Berlinite3)  in  nature 
have  inhibited  its  investigation  and  use  as  single 
crystal  material.  The  preparation  of  J.  R.  Stanley3 
and  the  unpublished  work  of  W.  R.  McBride1*  where 
Stanley's  procedures  were  in  general  followed,  were 
the  only  crystal  growth  studies  known  to  us  when  we 
began  this  work. 

We  report  here  extensions  and  modifications  of 
Stanley's  technique  designed  to  overcome  the  diffi¬ 
culties  posed  by  the  fact  that  the  temperature  co¬ 
efficient  of  solut'lity  of  AIPO4  is  negative. 

Stanley's  data3  indicates  solubilities  of  3m/litev 
in  6.1m  (molar)  H3FO4  at  l45°C  and  nd.00  psi  and  0.3m/l 
at  2U5°C  and  n^OO  psi.  Solubilities  at  ambient 
pressure  are  lower  and  at  temperatures  below  150cC 
AIPO4.2H2O5  and  other  hydrates  are  stable.  AlPOu  is 
isoelectronic  and  isostructural  with  a  Si02  and 
undergoes  a  phase  change  at  ^584°  to  the  tridmyite 
form,  so  that  a  solution  growth  technique  is  indica¬ 
ted.  Although  flux  growth  might  be  considered,  in 
view  of  the  success  in  growing  large  crystals  achieved 
with  other  materials  we  viewed  hydrothermal  growth  as 
most  promising.  Stanley  used  pyrex  glass  tubes  a3 
containers  and  grew  his  best  crystals  by  introducing 
seeds  into  solutions  cf  NaA102  +  H,P0,,  reacted  to 
form  AlPOl,.  Growth  had  to  be  interrupted  every  two 
days  to  replenish  the  solution.  The  temperature  was 
held  constant  at  l65°C  during  the  two-day  grcwth 
cycle  over  typical  total  periods  of  50  days.  In 
addition,  Stanley  grew  crystals  by  slowly  increasing 


temperatures  (l°C  every  second  day  from  133°  to  155°C). 
We  felt  that  improved  kinetics  of  crystallization 
might  result  at  higher  temperatures  and  that  the 
decrease  in  solubility  at  highei  temperatures  might  be 
overcome  by  raising  the  pressure.  Thus,  we  decided 
to  investigate  crystal  growth  in  the  range  150°  - 
340°C  at  pressures  from  a,i,000  -  10,000  psi.  In 
addition,  techniques  fo:  continuous  growth  ir.  a 
temperature  gradient  and  for  the  preparation  of 
nutrient  were  studied. 

Experimental 

?t.  lined  Morey '-type  autoclaves  were  used  since 
the  solvent,  aqueous  H3PO1, ,  suggested  from  Stanley's 
work  was  felt  to  be  reactive  enough  to  require  a 
noble  metal  system.  Seed  frames,  nutrient  baskets, 
wire  to  support  seeds,  etc.,  were  also  Pt.  Furnaces, 
external  thermocouples,  hot  plate,  heaters  ana  methods 
of  temperature  measurement  and  control  were  similar 
to  those  previously  described8  for  the  hydrothermal 
growth  of  other  materials  so  that  only  a  brief  out¬ 
line  need  be  giver,  here. 

Autoclaves  were  6.93"  length  x  1.25"  diameter 
( internal  dimensions).  They  were  placed  on  stainless 
steel  hot  plates  heated  by  900  watt  Chr  malox*  strip 
heaters.  Temperature  distribution  along  the  auto¬ 
clave  was  regulated  by  adjusting  the  depth  of  micaceous 
insulation  ir,  which  it  was  buried.  In  addition, 
temperature  distribution  along  the  autoclave  was 
regulated  by  the  use  of  additional  300  watt  Watlow” 
cylindrical  band  heaters  strapped  directly  to  the 
autoclave.  The  furnace  assembly  was  surrounded  by 
fire  brick  and  shielded  by  steel  plates.  Temperature 
sensing  and  control  was  by  means  of  chrcmel-alumel 
thermocouples  positioned  along  the  autoclave.  The 
temperature  controllers  were  L  ar.d  K  Electromax  IIi+ 
proportional  controllers  which  permitted  either  con¬ 
stant  temperature  or  slow  temperature  increase 
experiments.  Temperatures  as  reported  herein  are  for 
externally  strapped  thermocouples  but  are  probably 
within  i5°C  representative  of  internal  temperatures. 
Pressures  reported  are  those  from  Kennedy's9  p-V-T 
data  for  pure  water  since  no  equations  of  state  ir, 
the  K3PO4  system  have  been  reported. 

RESULTS  AND  DISCUSSION 
Preparation  of  Nutrient  and  Seeds 

Small  particle  commercially  available  AlFCi 
(ALFA  Crystal**  ar.d  R0C/RJC***)  is  variable  ir. 
stoichometry ,  ranging  from  A1 -10-20*;  F  7-ifcJ 
(A1P0,,  theoretical  A\  22.12%,  V  25.395).  Small 


*Edwin  L.  Wiegand  Co.,  Pittsburg,  Pa.  15208 
**Alfa  Products,  Ventron  Corp.,  F.O.  Box  209,  ;<•? 

Andover  Street,  Danvers,  Mass.  01923 
"••Research  Organic/Inorganic  Chemical  Corp., 

Main  Street,  Bellville,  N.  J.  07109  (neither  of  the 
materials  gives  x-ray  powder  patterns  for  A1P0. . 
they  can  only  be  viewed  as  convenient  sources  of  Ai 
and  F  in  soluble  form) 

tWatlow  Electric  Mfg.  Co.,  1376  Ferguson  Ave.,  St. 

Louis,  Mo.  63141 

ttLeeds  and  Northrup,  North  Wales,  Pa.,  19454 


particle  nutrient  can  be  swept  along  by  the  strong 
convection  in  hydrothermal  solutions  and  included  in 
grown  crystals  so  that  larger  particle  nutrient  is 
desirable.  A  few  grown  crystals  obtained  from  W.  R. 
McBride  were  cut  up  using  a  stainless  steel  wire  saw 
and  600  grit  SiC  -  H2O  slurry  but  most  seeds  were  pre¬ 
pared  by  building  up  spontaneously  nucleated  crystals 
in  several  runs.  Thus,  a  technique  for  large  particle 
nutrient  and  large  spontaneously  nucleated  crystal 
preparation  was  needed. 

As  mentioned  above,  the  temperature  coefficient 
of  solubility  of  AIPO4  is  likely  to  be  negative  in 
the  temperature-pressure  range  of  interest.  Thus,  in 
any  sort  of  temperature  gradient  (where  the  bottom  of 
the  autoclave  is  hotter)  AlPOn  would  be  expected  to 
preferably  nucleate  in  the  bottom  region.  In  the  usual 
hydrothermal  geometry,  the  bottom  of  the  autoclave  is 
hotter  and  the  convection  provides  mixing  so  that 
growth  rates  are  never  transport  limited  (except  for 
diffusion  close  to  growing  crystal  interfaces).  It 
would  be  preferable  to  maintain  this  geometry  for 
AIPO4,  placing  nutrient  in  the  upper  (cooler)  region 
of  the  autoclave.  To  do  so,  requires  nutrient  of 
particle  size  capable  of  being  retained  in  a  container 
such  as  a  relatively  open  mesh  basket  which  does  not 
severely  restrict  solvent  access  to  the  nutrient. 

This  is  an  additional  reason  for  desiring  large 
particle  size  nutrient  and  for  the  necessity  of  nutrient 
preparation.  Another  important  reason  is  to  assure 
stoichometric  nutrient  for  subsequent  reproducible 
growth  studies.  Thus,  we  decided  to  conduct  nutrient 
preparation  placing  the  starting  powder  in  the  bottom 
of  the  autoclave  and  maintaining  either  isothermal 
conditions  or  small  temperature  gradients  along  the 
autoclave.  These  conditions  were  obtained  by  placing 
the  autoclave  on  a  fire  brick  base  and  heating  with 
three  equally  spaced  band  heaters. 

In  initial  experiments,  fine  powder  commercial 
AlPOi,  was  placed  in  the  bottom  of  Pt-lined  autoclaves 
and  the  autoclaves  were  filled  to  80?  of  their  free 
volume  with  6.1m  HjPOi,.  The  autoclaves  were  rapidly 
heated  to  150°C  and  then  steadily  raised  to  275°  at  a 
rate  of  10°/day.  The  temperature  difference  between 
bottom  and  top  of  the  autoclave  was  2-3°  with  the  bottom 
hotter. 

The  amount  of  AIPO4  added  was  believed  to  produce 
an  undersaturated  solution  at  the  beginning  of  the 
heating  cycle.  The  product  obtained  greatly  increased 
in  part icle  size  and  in  all  cases  gave  X-ray  and  chemi¬ 
cal  analysis  for  stoichometric  AlPOi, .  Usually  a  number 
of  3-kram  spontaneously  nucleated  crystals  were  attached 
to  the  autoclave  wall.  Due  to  the  retrograde  solubility 
of  AIPO4 ,  it  was  necessary  in  both  nutrient  preparation 
and  seed  growth  runs  to  quench  the  autoclave  in  cold 
water,  from  the  final  operating  temperature  to  room 
temperature,  and  to  remove  the  products  immediately 
so  as  to  prevent  redissolving.  A  series  of  runs  to 
explore  conditions  for  maximum  yield  of  large  particle 
product  was  made,  some  of  which  are  summarized  in 
Table  1. 

Yield  in  Table  1  is  reported  as  yield  of  product 
greater  than  60  mesh  and  as  yield  of  product  less  than 
60  mesh,  since  only  AlPO*  with  a  particle  size  >60  mesh 
was  found  appropriate  to  be  contained  in  baskets  for 
later  crystal  growth  studies. 

In  the  initial  stage,  the  conditions  of  R2262 
were  considered  standard.  Temperature  was  increased 
manually  in  a  stepwise  manner  daily.  A  number  of  runs 
(not  shown  in  Table  1)  were  made  at  these  conditions 
and  the  yields  of  nutrient  >60  mesh  were  in  all  cases 
from  9-11  gms.  Fill  was  varied  from  80-83?  with  no 


TABLE  1 


Hun  Mo. 

22K8 

2250 

2262 

2279 

2292 

Solvent 

6.1 

h3po4 

(Molar) 

6.1 

6.1 

6.1 

6.1 

%  Fill 

82 

82 

82 

80 

81 

AlPOjj 

36 

36 

36 

36 

95  presat 

charge-gma 

t  25" 

Initial 

Temp.°C 

150 

150 

151 

150 

150 

Fin  1 

Teir.p.°C 

300 

250 

27*1 

278 

275 

Temp. 

DlfT.  UT)°C 

2-3 

2-  3 

2-3 

3-5 

1-2 

Heating 

rate°C/da 

15 

5 

10 

10 

10 

Method 
of  heat 
rate  iner. 

Manual 

Manual 

Motor 

Motor 

Motor 

Yield  in  gma 

17.6 

19-5 

>  60  mesh** 

12.6 

m.i 

10.7 

<  60  mesh 

13-« 

8.1 

10. 6 

3-6 

e.i 

27.6 

Total  yield 

26.0 

22.2 

21.  3 

21.  II 

Pun 

Duration 

13 

23 

l*i 

15 

15 

In  da. 

*nanual  step  vise  dally 

*#60  mesh  -  U.S.  sieve  size  •  0.25mm 

significant  effect  on  yield  of  >60  mesh  nutrient. 
Temperature  difference  (AT)  was  increased  to  20°C  with 
a  reduction  of  yield,  so  that  essentially  isothermal 
conditions  (AT's  only  a  feu  degrees)  were  Judged  best. 
Experiments  with  a  negative  AT  (bottom  of  autoclave 
colder  than  top)  were  attempted  even  though  it  was 
felt  that  in  the  absence  of  convection  growth  would  be 
small.  A  AT  of  (-)  'v20°  produced  a  low  yield 
(v>  gms)  of  >60  mesh  nutrient.  The  yield  was  not 
strongly  dependent  on  fill  between  80  and  82?, 
although  there  was  a  slight  reduction  in  preliminary 
experiments  at  63?.  In  R2250,  the  heating  rate  was 
halved,  the  yield  >60  mesh  was  essentially  unchanged 
with  the  result  that  the  yield/unit  time  of  the  experi¬ 
ment  was  greatly  reduced  so  that  reduced  heating  rate 
experiments  appeared  unprofitable. 

In  R22U8,  both  the  heating  rate  and  the  final 
temperature  were  increased  with  an  obvious  increase  in 
yield  >60  mesh  and  an  increase  in  yield  >60  mesh/unit 
‘  ime  of  the  experiment.  A  series  of  runs  were  made 
where  the  temperature  was  increased  continuously  with 
an  appropriate  clock-driven  mechanism.  Run  2279  is 
representative  of  these  experiments  and  as  can  be  seen 
the  yield  >60  mesh  is  improved. 

In  a  series  of  runs  in  which  R2292  is  representa¬ 
tive,  the  HjPOi,  solution  was  presaturated  at  room 
temperature  with  AlPOi, .  As  can  be  seen,  a  possible 
slight  increase  in  yield  of  >60  mesh  product  results. 

From  the  above,  the  best  conditions  for  nutrient 
and  spontaneously-grovn  seeds  were  chosen  to  be  the 
conditions  of  R2292.  In  most  of  the  above  runs  a  few 
larger  ( 3- 1mm)  spontaneously  nucleated  crystals 
suitable  for  preliminary  seeds  were  produced.  Figure  1 
shows  spontaneously  nucleated  seeds  on  the  left  and 
>60  mesh  nutrient  ,on  the  right. 


Growth  on  Seeds 

Spontaneously  nucleated  seeds  and  oriented  seeds 
cut  from  grown  crystals  were  mounted  on  a  Pt  frame 
which  was  placed  in  the  bottom  (hotter)  region  of  an 
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autoclave  and  nutrient  (>60  mesh  particle  size) 
prepared  as  described  above  was  placed  above  la  a  Ft 
basket  (Figure  2)  In  the  upper  region.  Thus,  the 
seeds  were  In  a  hotter  supersaturated  region  of  the 
autoclave  and  the  temperature  gradient  (hot  on  bottom) 
was  still  arranged  so  as  to  allov  convection. 

In  experiments,  where  the  temperature  difference 
was  more  than  ^3°  (nominally  Isothermal  conditions) 
the  autoclaves  vere  placed  on  a  hot  plate  and  heated 
from  below  with  AT  adjusted  with  one  band  heater  in 
the  top  region.  The  Isothermal  experiments  vere  con¬ 
ducted  with  the  heater  configuration  previously 
described. 

Growth  by  Slow  Heating 

Using  6.1m  HjPOi, ,  tCO  gms  of  nutrient  always 
>60  mesh,  a  series  of  runs  was  made  where  the 
temperature  was  increased  continuously.  The  preliminary 
optimum  conditions  for  growth  were  found  to  be  80-82% 
fill  with  a  temperature  increase  of  2fl/da  from  150  to 
180°C.  The  growth  rates  were  determined  by  measuring 
the  increase  in  dimensions  along  the  c  axis  of  crystals 
which  had  already  capped  with  (0111)  faces.  Rates  as 
high  as  16  mil/da  were  observed.  Geometric  considera¬ 
tions  allow  the  rate  on  a  (0111)  seed  to  be  calculated 
as  16  mil/da  cos  0  where  0  =  68°  4lJ_  the  angle  between 
(0111)  and  the  (0001),  thus  the  (0111)  rate  is  ^6  mil/da. 

Temperature  Differential  (AT)  Growth 
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Using  6.1m  HjPO*  a.  20gns  of  >60  mesh  nutrient, 
a  series  of  seeded  runs  were  made  to  effect  growth 
where  super saturation  was  provided  by-  a  temperature 
differential.  Fills  between  70  and  83%  were  investi¬ 
gated.  Growth  rates  were  reduced  at  83<  and  seeds 
tended  to  be  lost  by  dissolution  at  70%  so  that  80% 
fill  seemed  optimum.  Growth  temperatures  between 
200°  and  300°C  were  used.  AT' a  were  50°  except  in 
one  25°AT  experiment  where  the  seeds  dissolved  during 
the  warmup.  Growth  rates  varied  between  3  and  7  mils/ 
da  at  250  and  300°  and  were  much  reduced  at  200°. 

Thus,  in  preliminary  AT  experiments  growth  rates 
approaching  the  useful  range  hove  been  obtained  under 
conditions  which  should  provide  continuous  growth. 

From  the  above,  we  can  see  that  both  growth  by  a 
temperature  increasing  method  and  growth  by  a  tempera¬ 
ture  gradient  (AT)  method  can  be  used  to  prepare 
AIPO4  single  crystals.  The  advantage  of  the  AT  method 
is  that  the  amount  of  material  to  be  deposited  is  not 
limited  to  the  amount  present  in  solution.  Typical 
grown  crystals  are  shown  in  Figure  3. 

Conclusions 

Techniques  for  the  preparation  of  large  particle 
A1P0*  nutrient  have  been  developed  as  have  techniques 
for  preparing  spontaneous  nucleated  seeds  for  pre¬ 
liminary  growth  experiments.  Seeded,  growth  both  by 
(1)  slowly  warming  a  saturated  solution  and  by  (2) 
transport,  from  cooler  large  particle  nutrient 
contained  in  a  basket  in  the  upper  region  of  an  auto¬ 
clave,  to  seeds  in  the  lower  region  have  proven 
feasible.  Growth  rates  as  high  as  16  mil/da  have  been 
obtained.  Thus,  processes  for  the  growth  of  AIPO4  by 
hydrothermal  means,  including  continuous  growth  without 
need  for  replenishment  of  solution  seem  practical.  The 
visual  quality  (when  seed  quality  is  good  and  mounting 
wires  do  not  interfere)  can  be  good. 
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Figure  1  -  Recrystallized  AlPOi,  nutrient  >  60  mesh 
and  larger  spontaneously  nucleated 
crystals. 
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Abstract 

Calculations  of  the  surface  acoustic  wave  (SAW) 
properties  of  berlinite  (AIPO4)  and  B-eucryptite 
( 0-L I A 1 S ; O4)  show  that  both  materials  are  temperature 
compensated  along  both  singly  rotated  and  doubly  rotat¬ 
ed  orientations. 

For  berlinite,  several  orientations  combine  zero 
electromechanical  power  flow  angles  with  more  than  four 
times  the  piezoelectric  coupling  of  ST  cut  quartz.  The 
best  singly  rotated  orientation  is  a  direct  analog  of 
the  ST  cut  of  quartz.  This  cut  has,  like  ST  quartz,  a 
zero  electromechanical  power  flow  angle,  but  the  dis¬ 
tinct  advantage  of  more  than  four  times  the  piezoelec¬ 
tric  coupling.  Even  more  promising  are  the  results  ob¬ 
tained  for  two  doubly  rotated  cuts  which  combine  alt 
the  advantages  of  the  singly  rotated  cut  with  the  added 
feature  of  better  diffraction  properties  than  ST  cut 
quartz. 

For  B-eucrypti te ,  a  singly  rotated  orientation  has 
a  SAW  velocity  of  3662  m/sec  and  almost  twice  the  piezo¬ 
electric  coupling  of  ST  cut  quartz,  but  the  disadvan¬ 
tage  of  an  electromechanical  power  flow  angle  of  18  de¬ 
grees.  On  the  other  hand,  a  doubly  rotated  orientation 
has  a  zero  electromechanical  power  flow  angle,  but  only 
half  the  piezoelectric  coupling  of  ST  cut  quartz. 

The  results  for  berlinite  show  that  it  represents 
an  attractive  alternative  to  quartz  for  use  in  broad¬ 
band,  low  insertion  loss  SAW  devices.  The  relatively 
low  piezoelectric  coupling  of  B-eucryptite  makes  It  un¬ 
attractive  for  broad-band,  low  insertion  loss  applica¬ 
tions,  but  its  relatively  large  SAW  velocity  indicates 
that  it  may  be  useful  in  high  frequency  applications. 


along  both  singly  rotated  and  doubly  rotated  orienta¬ 
tions.  This  paper  will  review  the  results  of  those 
calculations,  consider  their  significance  for  SAW  appli¬ 
cations,  and  briefly  compare  them  with  results  obtained 
with  other  materials  being  studied. 

Berl Ini te 

The  procedure  used  to  calculate  surface  acoustic 
wave  properties  has  been  described  before6.7,8,  n  re¬ 
quires,  for  the  material  being  studied,  experimental 
values  for  the  elastic,  piezoelectric,  and  dielectric 
constants,  their  respective  temperature  coefficients, 
the  density,  and  the  coefficients  of  thermal  expansion. 
In  the  calculations  reported  here,  the  constants  for 
berlinite  were  all  taken  from  the  data  of  Chang  and 
Ba-sch’. 

Initial  results  showed  tha*  berlinite  indeed  has 
temperature  compensated  cuts  with  more  than  four  times 
the  piezoelectric  coupling  of  ST  cut  quartz”.  However, 
none  of  those  initially  reported  cuts  had  a  zero  elec¬ 
tromechanical  power  flow  angle,  a  desirable  property 
characteristic  of  ST  cut  quartz.  Subsequent  calcula¬ 
tions  produced  two  singly  rotated  cuts  and  two  doubly 
rotated  cuts,  all  of  which  have  zero  electromechanical 
power  flow  angles'.  The  most  promising  of  the  singly 
rotated  cuts  is  the  X  axis  boule  80.4°  cut,  a  direct 
analog  of  the  ST  cut  of  quartz.  The  two  cuts  are  com¬ 
pared  In  Table  I.  Note  that  the  piezoelectric  coupling, 
AV/V®,  of  the  X-axis  bDule  80.4°  cut  is  more  than  four 
times  as  large  as  that  of  ST  quartz,  a  distinct  advan¬ 
tage.  Other  calculations  have  been  made  to  investigate 
the  behaviour  of  pseudo  surface  acoustic  waves  on  ber- 
1 InlteS. 


I  ntroduction 


The  desire  to  develop  improved  broad-band,  low  in¬ 
sertion  loss  SAW  devices  with  temperature  independent 
performance  characteristics  has  resulted  in  a  search  for 
substrate  materials  that  are  temperature  compensated  and 
have  piezoelectric  coupling  greater  than  that  of  ST  cut 
quartz.  A  major  contribution  to  the  search  for  such 
materials  has  been  the  development  of  a  phenomenological 
model*  which  explains  why  known  materials  are  tempera¬ 
ture  compensated.  According  to  that  model,  tempera¬ 
ture  compensated  materials  possess  either  of  the  follow¬ 
ing  anomalous  properties:  (I)  a  positive  temperature 
coefficient  of  velocity  or  elastic  constant  or  (2)  a 
negative  coefficient  of  thermal  expansion.  Quartz,  for 
example,  is  temperature  compensated*  because  the  temper¬ 
ature  coefficient  of  Cgg,  the  elastic  constant  for  shear 
propagation  along  the  Z  axis,  is  positive  . 


Because  quartz  is  temperature  compensated,  recent 
attention  has  been  focused  on  certain  quartz  derivatives, 
Two  of  these  materials,  berlinite  (AiPOjj)  and  0-eucryp- 
tite  (B-UA1S jOc)  ,  are  particularly  interesting  because 
they  each  satisfy  one  of  the  criteria  of  the  above- 
mentioned  phenomenological  model.  Berlinite  has,  like 
quartz,  a  positive  temperature  coefficient  for  Cgj,  the 
elastic  constant  for  shear  propagation  along  the  Z  axis’. 
B-eucrypti te,  on  the  other  hand,  has  a  negative  coeffi¬ 
cient  of  thermal  expansion  in  the  direction  of  the  hexa¬ 
gonal  C-axis1*’®. 


Table  I  also  shows  that  the  slope  of  the  power  flow 
angle,  dq>/8,  is  larger  for  the  X  axis  boule  80.4°  cut  of 
berlinite  than  it  is  for  the  ST  cut  of  quartz.  Accord¬ 
ing  to  the  theory  of  SAW  diffraction' u,  this  means  that 
ST  cut  quartz  has  better  diffraction  properties  than  the 
X  axis  boule  80.4°  cut  of  berlinite.  The  desire  to  find 
temperature  compensated  cuts  of  berlinite  having  better 
diffraction  properties  than  the  singly  rotated  80.4°  cut 
motivated  consideration  of  doubly  rotated  cuts.  In  par¬ 
ticular,  the  P  -  90.0  plane  of  an  orthogonal  coordinate 
system  having  the  three  Euler  angles  P,  and  0  as  its 
basis  was  carefully  searched.  The  p.  «  90.0  plane  was  of 
particular  interest  because  it  contains  four  of  the  stan¬ 
dard  crystallographic  cuts,  including  the  X  cut  and  Z 
axis  cylinder,  for  which  temperature  compensated  orien¬ 
tations  were  found  earlier. 

The  results  are  shown  in  Figure  I.  The  dashed  and 
solid  curves  represent,  respectively,  the  loci  of  Euler 
angles  for  which  the  electromechanical  power  flow  angle 
and  the  temperature  coefficient  of  time  delay  are  zero. 

As  can  be  seen  in  the  blown  up  portion  of  the  Figure, 
the  loci  intersect  in  a  total  of  twelve  places  through¬ 
out  the  plane.  Because  of  crystal  symmetry,  however, 
only  two  of  the  points  are  independent,  and  those  cir¬ 
cled  in  Figure  I  are  listed  in  Table  I.  Notice  that 
while  they  have  about  the  same  piezoelectric  coupling 
as  the  singly  rotated  80.4°  cut,  the  slopes  of  their 
power  flow  angles  are  smaller  than  those  of  either  the 
80.4°  cut  or  the  ST  cut  of  quartz,  giving  them  the 
added  advantage  of  less  diffraction  spreading. 


Recent  calculations  of  the  surface  acoustic  wave 
properties  of  berlinite  and  8-eucryptite  have  shown 
that  both  of  these  materials  are  temperature  compensated 


B-Eucrypti te 

To  calculate  the  SAW  properties  of  p-sucryptlte, 
coefficients  of  thermal  expansion  were  obtained  from 
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of  Hummel1*  and  Shulz^,  and  dielectric  constants 
afned  from  the  data  of  Bohm'  .  Values  for  the 


the  data 
were  obtained 
elastic  and  piezoelectric  constants  and  the  density 
were  obtained  from  the  data  of  Barsch  and  Spear'^,  which 
were  measured  on  samples  of  B-eucryptite  grown  at 
Pennsylvania  State  University.  Figure  2  shows  the  vari¬ 
ation  of  SAW  velocity,  electromechanical  power  flow 
angle,  piezoelectric  coupling,  and  temperature  coeffi¬ 
cient  of  time  delay  for  the  X  cut,  for  which  a  singly 
rotated  temperature  compensated  orientation  was  found 
at  69°.  Table  I  shows  that  although  the  piezoelectric 
coupling  for  this  cut  is  almost  twice  as  large  as  that 
of  ST  quartz,  it  has  the  disadvantage  of  an  18  degree 
electromechanical  power  flow  angle. 


As  was  done  in  the  case  of  berlinite,  doubly  ro¬ 
tated  cuts  were  considered  also,  and  a  temperature  com¬ 
pensated  cut  having  a  zero  electromechanical  power  flow 
angle  was  found  in  the  X  «  0.0°  plane,  as  shown  in 
Figure  3.  As  can  be  seen  in  the  Figure,  the  loci  inter¬ 
sect  in  a  total  of  four  places  throughout  the  plane. 
Again,  because  of  crystal  symmetry,  only  one  of  the 
points  is  independent,  and  it  is  listed  in  Table  I 
where  it  can  be  seen  that,  unfortunately,  the  piezo¬ 
electric  coupling  of  this  doubly  rotated  cut  is  only 
about  half  as  large  as  that  of  ST  quartz.  Perhaps  the 
most  attractive  feature  of  this  material  is  that  It  has 
the  highest  SAW  velocity  of  all  the  temperature  compen¬ 
sated  materials  listed  in  Table  I,  3862  m/sec. 


20  to  30  percent  larger  than  the  previously  determined 
values'7.  All  these  results  indicate  that  berlinite 
appears  to  be  a  better  substrate  material  than  quartz, 
and  as  good  quality  supplies  of  the  materical  become 
available,  it  will  be  attractive  for  use  in  broad-band, 
low  insertion  loss  surface  acoustic  wave  devices. 

B-Eucryptlte  has  also  been  shown  to  be  temperature 
compensated,  and  this  lends  further  credence  to  the 
phenomenological  model'  which  helps  predict  which 
materials  may  be  temperature  compensated.  The  piezo¬ 
electric  coupling  of  B-eucryptite  is  relatively  poor, 
however,  and  it  does  not  appear  to  be  as  attractive  for 
broad-band,  low  insertion  loss  applications  as  berlinite; 
however,  because  of  its  relatively  large  SAW  velocity, 
it  may  find  use  in  high  frequency  applications. 

Berlinite  and  B-eucryptite  are  shown  on  the  state- 
of-the-art  diagram  In  Figure  4,  along  with  the  other 
materials  discussed  above.  Clearly,  the  search  for 
high  coupling  temperature  compensated  materials  has 
produced  some  attractive  results,  and  it  promises  to 
produce  more.  No  single  one  of  these  materials  is  per¬ 
fect  for  every  SAW  application,  but  together  they  in¬ 
crease  the  variety  of  choices  available  to  the  design 
engineer  and,  most  importantly,  they  remove  the  need  to 
use  lithium  niobate  with  its  associated  ovens  for  broad¬ 
band,  low  insertion  loss  devices,  for  which  ST  quartz 
is  not  adequate. 


Other  Temperature  Compensated  Materials 
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The  sulfosalts  are  a  class  of  materials  of  the  fom 
TljBXjj,  where  B  can  be  V,  Nb,  or  Ta,  and  X  can  be  S  or 
Se.  Recent  calculations  have  shown  that  at  least  two 
of  these  materials  are  temperature  compensated  wl th  sig¬ 
nificantly  larger  piezoelectric  coupling  than 
berlinite'*’'  .  One  particular  cut  of  Tl,  VS^,  for  ex¬ 
ample,  has  four  times  the  piezoelectric  coupling  of 
berlinite’3.  As  shown  in  Table  1,  however,  this  cut 
has  the  disadvantage  of  a  rather  large  electromechanical 
power  flow  angle,  about  -17  degrees.  Another  cut  of 
the  same  material  and  one  of  Tlj  Ta  Se4,  having  zero 
electromechanical  power  flow  angles,  have  also  been 
found'5,  as  the  data  in  Table  I  shows,  the  piezoelec¬ 
tric  coupling  of  these  cuts  is  not  as  large  as  that  of 
the  first  cut  discussed,  but  it  is  still  more  than  twice 
as  large  as  that  of  berlinite.  The  table  also  shows 
that  the  SAW  velocities  of  the  sulfosalts  are  only  about 
1/3  as  large  as  that  of  berlinite.  This  Is  a  disadvan¬ 
tage  for  high  frequency  applications,  but  an  advantage 
for  long  delay  lines  and  low  frequency  SAW  filters. 
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FIRST  CULER  SIMLE  A 


Figure  I  -  Loci  of  Euler  angles  having  zero 
electromechanical  power  flow  angle  (dashed 
lines)  and  zero  temperature  coefficient  of 
time  delay  (solid  lines)  in  the  pm  90.0 
plane  of  berl ini te. 
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table  1.  temperature  compensated  cuts  or  various  materials 
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TIME  AVERAGE  POWER  FLOW  ANGLE  (DEGREES)  SURFACE  WAVE  VELOCITY  ( M/SEC) 


(c)  Piezoelectric  coupling 


(a)  SAW  velocity 


DIRECTION  OF  PROPAGATION 
(b)  Electromechanical  power  flow  angle 


(d)  Temperature  coefficient  of  time  delay  for 
X-cut  P-eucrypti te 


Figure  2  -  The  variation  of  (a)  SAW  velocity,  (b) 
electromechanical  power  flow  angle,  (c)  piezo¬ 
electric  coupling,  and  (3)  temperature  coeffi¬ 
cient  of  time  delay  for  X-cut  p-eucryptl te. 
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Figure  3  -  Loci  of  Euler  angles  having  zero  elec¬ 
tromechanical  power  flow  angle  (dashed  lines) 
and  zero  temperature  coefficient  of  time  delay 
(Solid  I  ire*i  in  the  X  =  0.0  plane  of  (J-eucrypt ite . 
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Summary 

The  evolution  of  charge  coupled  devices  (CCDs)  has 
provided  the  system  designer  with  a  new  arsenal  of  de¬ 
sign  tools.  The  simplest  CCD  building  block,  the  CCD 
delay  line,  offers  the  designer  an  electronically  con¬ 
trollable  solid  state  analog  shift  register.  This 
paper  discusses  the  uses  of  CCD  delay  lines  for  recur¬ 
sive  filtering  and  the  application  of  the  recursive 
architecture  for  MTI  filtering  for  radars.  Some  of  the 
limitations  of  CCDs  are  discussed  along  with  methods  of 
overcoming  some  of  these  limitations. 

Introduction 


Radar  video  processing  is  an  area  where  signifi¬ 
cant  inprovements  in  radar  performance  may  be  achieved 
by  exploiting  recent  technology  advances.  The  general 
radar  video  processing  problem  is  outlined  in  Figure  1 
which  shows  returns  from  the  kth  range  bin  which  in¬ 
clude  an  aircraft,  wind  driven  precipitation,  and  ground 
returns  The  spectrum  of  the  returns  for  the  kth  range 
bin  between  DC  and  the  PRF  is  also  shown  in  this  figure. 
These  typical  spectral  characteristics  Indicate  the 
desireability  of  some  form  of  target  classification 
based  upon  spectral  characteristics  rather  than  upon 
anplitude  alone. 

One  approach  to  target  classification  is  the  Moving 
Target  Indicator  (MTI).  The  purpose  of  the  MTI  Is  to 
reject  signals  from  fixed  unwanted  targets,  such  as 
buildings,  trees,  etc.,  and  retain  for  detection  the 
signals  from  moving  targets  such  as  aircraft.  The  MTI 
is  a  sampled  data  filter  and  can  he  inplemented  with 
CCD  delay  lines.  The  degree  of  sophistication  of  MTI 
filters  varies  from  simple  single  delay  feed-forward 
cancellers  to  multi-pole  recursive  filters. 

CCD  Recursive  Filter 


In  charge  coupled  devices  (CCDs)  the  analog  input 
signal  is  sanpled  and  stored  as  discrete  analog  pacxets 
of  charge  and  hence  ideally  suited  to  a  number  of 
sampled-data  signal  processing  functions.  Recursive 
filtering  architecture  is  advantageous  over  transversal 
filtering  when  a  sharp  transition  ban<to1dth  is  required 
in  the  frequency  characteristic  or  where  a  large  amount 
of  time  multiplexed  data  is  to  be  filtered. 

A  general  Nth  order  recursive  filter  has  the  trans¬ 
fer  function:1 

N 

£  aiZ-i 

H( z)  »  ^ -  (1) 

£  biZ-1 
1-0 

CCD:  can  he  used  to  Implement  the  delay  term,  Z*1, 
in  equation  1.  The  delay  of  an  N-stage  CCD  delay  line 
clocked  at  fc  is 

Td  *  N/fc  (2) 


Since  a  CCD  delay  line  sanples  the  input  signal  at  the 
clock  rate,  the  sampling  rate,  fs,  is  equal  to  the 
clock  rate,  fc,  and  this  determines  the  Nyquist  band¬ 
width.  The  stability  criteria  for  CCD  recursive  filters 
is  the  same  as  any  sampled  data  filter  in  that  all  poles 
must  lie  inside  the  unit  circle  of  the  Z-plane. 

CCDs  have  performance  limitations,  two  of  which 
are  inperfect  charge  transfer  efficiency  and  leakage 
current.  The  effect  of  charge  transfer  efficiency  (CTE) 
on  the  transfer  function  for  a  N-stage  CCD  delay  line 
is  to  multiply  the  ideal  delay,  Z'N,  by  a  dispersion 


where  e  is  the  charge  loss  per  stage.  Imperfect  CTE 
can  change  the  filter  characteristics.* 

Thermal  leakage  limits  the  maximum  time  delay  which 
can  be  achieved  by  CCDs.*  The  leakage  current  adds  to 
the  signal  charge  and  the  size  of  the  signal  must  be 
reduced  to  avoid  saturation  of  the  CCD  potential  wells. 
This  reduces  the  dynamic  range  of  the  CCD.  Since  leak¬ 
age  current  Increases  with  temperature,  applications 
where  long  time  delays  are  needed  may  require  tenpera- 
ture  control . 

MTI  Applications 


One  of  the  most  Inportant  applications  for  CCD  re¬ 
cursive  filters  is  the  delay  canceller  in  MTI  radar. *A.‘ 
In  radar  systems,  the  returns  from  the  stationary  or 
slowly  moving  targets  are  frequently  larger  than  the 
returns  from  moving  targets,  therefore  a  moving  target 
indicator,  MTI,  is  needed  to  either  enhance  the  signals 
from  the  moving  targets  or  suppress  stationary  target 
returns.  Since  clutter  or  stationary  targets  are 
characterized  by  zero  doppler  shift,  their  returns  are 
periodic  spectra  at  DC  and  multiples  of  the  PRF,  while 
moving  targets  have  returns  shifted  by  their  doppler 
frequencies.  Figure  1  shows  the  relation  between 
clutter  and  a  typical  moving  target.  Because  this 
filtering  must  be  performed  on  up  to  a  few  thousand 
range  bins  simultaneously,  recursive  filtering  is 
attractive.  This  recursive  filter  can  be  realized  using 
digital  approaches  but  the  cost  and  complexity  of  anal og- 
to-digital  conversion  may  be  prohibitive.  Acoustic 
delay  lines  can  be  used  to  implement  the  delay  stages 
in  the  recursive  filter  transfer  function  but  controlling 
the  delay  time  accurately  is  a  problem.  Charge  coupled 
device  (CCD)  signal  processing  eliminates  these  problems 
of  the  digital  and  acoustic  delay  line  approaches  to 
recursive  filters.  CCDs  take  advantage  of  the  precise 
timing  of  digital  processing  techniques  without  the 
requirement  for  analog-to-digital  conversion.  The 
stability  of  the  CCD  filter  characteristics  is  determined 
by  precise  delay  times  which  are  achieved  by  synchro¬ 
nously  clocking  the  CCD  from  signals  derived  from  the 
radar's  master  clock. 


*  This  work  is  supported  by  ECOM  under  contract  0AAB07-76-C-0912. 
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The  radar  characteristics  Inpose  several  requl re¬ 
sents  on  the  MTI  filter  In  addition  to  rejection  of 
clutter  while  passing  moving  target  returns  without 
distortion.  The  bandwidth  and  sampling  frequency  of 
the  HTI  filter  are  determined  from  the  radar  pulse 
width,  t,  which  also  determines  the  range  resolution. 


Bandwidth 

8W-2t 

(4) 

Sampling  Frequency 

(S) 

Range  Resolution 

.  _  CT 

SR  T 

(6) 

Since  range  resolution  Is  determined  by  the  radar 
pulse  width,  t,  high  range  resolution  dictates  small 
radar  pulse  width,  which  Increases  the  sampling  fre¬ 
quency,  fs.  The  sampling  frequency  determines  the 
nuntoer  of  delay  stages,  N,  needed  In  the  CTD. 

N  *  f s  Td  (7) 

where  Td  is  the  total  delay  of  the  CCD  (Td  =  PRI). 

From  this  equation,  it  is  seen  that  increased  sanpllng 
frequency  requires  longer  delay  lines  for  a  given  PRF. 
If  long  CCD  delay  lines  are  used,  the  dispersion  caused 
by  imperfect  CTE  of  the  analog  signal  could  yield  un¬ 
desired  responses  due  to  uncancelled  residues  from 
stationary  targets.  Rather  than  using  long  delay  lines, 
the  radar  return  can  be  demultiplexed  Into  several 
parallel  filters.5  When  using  a  multiplexed  approach, 
the  number  of  delay  stages  for  each  delay  line  Is  re¬ 
duced  by  1/M  where  M  is  the  number  of  parallel  filters. 
A  block  diagram  of  a  multiplexed  system  using  fourth 
order  filters  Is  shown  in  Figure  2. 

Experimental  Results 

A  four  pole,  five  pulse  MTI  canceller  has  been 
constructed  using  150  bit,  2  phase  N-channel  CCDs.  The 
MTI  filter  is  a  cascade  of  two  second  order  recursive 
sections  and  has  transfer  function  given  by: 


(1-a^Z  '  -  a2^Z'2)(l-a^Z  ^*<*22^  ^ 

A  block  diagram  of  the  filter  is  shown  in  Figure  3.  The 
feedback  coefficients  were  calculated  to  provide  the 
filter  with  a  Butterworth  response.  The  feed-forward 
and  feedback  coefficients  are  implemented  with  variable 
gain  operational  amplifiers.  The  filter  also  has 
electronically  selectable  cutoff  frequencies  implemented 
with  analog  switches  and  resistors.  A  photograph  of  the 
frequency  response  is  shown  in  Figure  4.  The  responses 
at  zero  frequency  are  due  to  the  zero  frequency  marker 
in  the  spectrum  analyzer.  The  response  of  the  MTI 
filter  to  two  different  frequencies  is  shown  in  Figure 
5.  The  top  photograph  of  Figure  5  shows  the  spectrum 
of  the  input  to  the  MTI  filter.  There  are  two  frequen¬ 
cies  present,  one  in  the  passband  of  the  filter,  the 
other  one  at  the  PRF.  The  bottom  photograph  shows  the 
output  of  the  MTI  filters  with  the  frequency  In  the 
passband  still  present  while  the  frequency  at  the  PRF 
has  been  cancelled. 

Conclusions 

The  application  of  CCO  delay  lines  to  recursive 
filtering  has  been  described.  A  four  pole  MTI  filter 
with  electronically  selectable  cutoff  frequencies  and 
a  cancallation  ratio  of  40  dB  has  been  discussed. 


Because  of  the  commercial  availability  of  CCO  delay 
lines,  many  more  recursive  filter  applications  can  be 
realized.  Also,  as  more  work  Is  directed  toward  Inte¬ 
grating  the  peripheral  circuitry  the  cost,  power  and 
weight  of  systems  will  go  down  while  the  performance 
will  Increase. 
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Figure  3  Cascade  Realization  of  a  Fourth-Order  System 
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Summary 

In  designing  an  AT-cut  quartz  thickness- 
shear/twist  monolithic  crystal  filter,  three 
frequency  ranges  must  be  considered:  the 
pass-band,  the  transition-band,  and  the  stop- 
band.  This  paper  is  not  concerned  with  the 
pass-band  which  is  controlled  primarily  by 
the  tolerance  placed  on  resonator  frequencies 
and  inter-resonator  couplings.  Instead,  the 
design  considerations  for  realization  of  the 
transition-band  and  stop-band  performance 
will  be  discussed. 

The  order  of  the  filter  (number  of  res¬ 
onators)  will  determine  the  ultimate  per¬ 
formance  in  the  transition-band  and  stop- 
band  if  the  design  does  not  employ  trans¬ 
mission  zeroes.  But  if  this  performance  is 
to  be  realized,  the  designer  must  deal  with 
the  unwanted  modes  of  vibration  in  the  mono¬ 
lithic  crystal  filters. 

Unwanted  modes  in  a  monolithic  crystal 
filter  can  be  classified  into  two  general 
groups :  the  trapped  inharmonic  modes  of 

thickness-shear/twist  and  the  overtones  of 
what  are  called  plate  modes  in  this  paper. 

The  first  group  of  modes  occur  at  frequen¬ 
cies  between  the  plated  resonator  frequen¬ 
cies  and  the  unplated  plate  frequencies  and 
are  affected  to  a  great  degree  by  the  reso¬ 
nator  dimensions.  The  second  group  consists 
of  flexure,  face-shear,  and  extensional 
modes  which  depend  primarily  on  the  plate 
lateral  dimensions  rather  than  on  the  res¬ 
onator  shapes.  These  modes  occur  at  many 
discrete  frequencies  and,  although  they  are 
usually  weaker  than  the  trapped  inharmonic 
modes,  it  is  shown  that  they  may  seriously 
degrade  the  filter  performance. 

A  method  of  designing  a  resonator  array 
for  minimizing  the  response  level  of  the 
inharmonic  modes  will  be  described.  This 
method  relies  on  predictions  of  individual 
resonator  inharmonic  responses  as  well  as 
those  predicted  for  the  total  structure. 

These  predictions  will  be  compared  with  data 
obtained  from  actual  models  made  using  sev¬ 
eral  different  eight  resonator  arrays. 

The  effect  of  plate  modes,  especially 
in  the  transition-band,  will  be  shown  for 
these  same  models.  The  identification  of 
the  plate  modes  can  be  difficult  in  practice 
due  to  the  large  number  and  relative  weakness 
of  the  responses  although  estimates  can  be 
made  using  standard  references.  Methods  of 
identifying  these  modes  will  be  illustrated. 
Experimental  results  are  found  to  be  in  good 
agreement  with  calculations  by  T.  R.  Meeker. 
Once  the  modes  have  been  identified,  it  will 
be  shown  how  the  designer  can  control  the 
effect  of  these  modes  in  the  frequency  range 
of  interest. 


Introduction 

Monolithic  crystal  f ilters--indeed  all 
filters--  have  three  frequency  bands  of  in¬ 
terest:  the  pass-band,  the  stop-band,  and 

the  transition-band.  This  paper  will  not 
be  concerned  with  the  pass-band  but  instead 
will  deal  with  the  effects  of  unwanted  modes 
on  the  stop-  and  transition-bands  of  mono¬ 
lithic  crystal  filters.  Methods  of  minimiz¬ 
ing  these  effects  will  be  presented. 

An  eight  resonator,  AT-cut  monolithic 
crystal  filter  of  the  type  pictured  in  Fig¬ 
ure  1  will  be  used  as  an  example  throughout. 
This  filter  has  a  center  frequency  of  about 
8. ISO  MHz  and  a  nominal  3  dB  bandwidth  of 
3.25  KHz.  The  z'-axis  is  used  as  the  cou¬ 
pling  direction  (the  long  plate  dimension) 
with  the  x-axis  (digonal  axis)  being  along 
the  plate  width.  The  nominal  inductance  is 
30  mH  although,  as  can  be  seen  in  the  photo¬ 
graph,  some  resonators  are  designed  to  vary 
by  as  much  as  +  10%. 

For  purposes  of  discussion,  the  unwanted 
modes  are  classified  into  two  groups:  first, 
the  trapped  inharmonic  overtones  of  thick¬ 
ness-shear/twist  and,  second,  what  are  called 
plate  modes.  These  latter  modes  consist  of 
the  overtones  of  flexural,  face- shear,  and 
extensional  vibrations.  The  insertion-loss 
versus  frequency  scan  of  a  filter  shown  in 
Figure  2  illustrates  the  effects  of  these 
modes .  The  sharp  resonances  occurring  im¬ 
mediately  above  the  pass-band  are  the  in¬ 
harmonic  modes.  The  discontinuity  seen  in 
the  lower  transition-band  is  due  to  a  plate 
mode . 

Shown  in  Figure  3  is  the  insertion-loss 
versus  frequency  performance  of  a  monolithic 
crystal  filter  having  eight  identical  reso¬ 
nators.  The  photographs  are  X-ray  topographs 
of  a  portion  of  the  filter.  The  dark  regions 
are  those  areas  where  the  crystal  lattice  i» 
vibrating.  These  modes  can  be  grouped  accc.i -i- 
ing  to  the  number  of  half-wavelengths  in  the- 
width  and  length  directions  under  the  indi¬ 
vidual  resonators.  For  example,  the  strong 
group  of  modes  at  8.290  MHz  are  the  (3,  1) 
modes — three  half-wavelengths  in  the  width 
direction  and  one  half-wavelength  along  the 
length.  Modes  such  as  those  around  8. **08 
MHz  are  a  type  of  untrapped  inharmonic  mode. 
These  modes  are  suppressed  when  non- iden¬ 
tical  resonators  are  used  in  the  resonator 
array. 

Since  the • inharmonic  modes  occur  at 
frequencies  which  are  partially  determined 
by  the  electrode  dimensions,  the  response 
levels  can  be  minimized  by  properly  design¬ 
ing  the  array.  As  graphically  demonstrated 
by  this  particular  filter  design,  the  use 
of  identical  resonator  shapes  is  not  the 
proper  design.  In  fact,  the  use  of  varied 


resonator  shapes  having  no  inharmonic  re¬ 
sponses  occurring  at  common  frequencies 
proves  to  be  the  simplest  method  of  achiev¬ 
ing  good  inharmonic  suppression.  Briefly, _ 
the  technique  is  as  follows.  The  inharmonic 
mode  frequencies  of  a  variety  of  individual 
resonator  shapes  are  calculated  from  a  theo¬ 
retical  model  which  neglects  any  effects  of 
flexure.  This  is  done  on  a  resonator-by¬ 
resonator  basis.  From  these  calculations, 
resonators  are  chosen  for  the  filter  array 
avoiding  any  mode  frequency  coincidences. 
Using  the  same  theoretical  model,  the  inter- 
resonator  spacings  necessary  to  achieve  the 
correct  couplings  are  then  determined .  Fi¬ 
nally,  the  inharmonic  mode  spectrum  of  the 
total  array  is  calculated. 

The  technique  is  illustrated  with  the 
following  example.  In  Figure  4,  "tic  marks" 
indicate  the  frequencies  of  the  three  types 
of  trapped  inharmonic  modes  for  the  eight 
individual  resonators  of  the  filter  seen  in 
Figure  1 .  The  numbers  under  the  marks  rep¬ 
resent  an  order  of  the  electrodes  in  this 
array.  Resonators  1  and  6  are  identical 
in  this  example  and  so  have  the  same  mode 
spectra.  Several  frequency  coincidences 
between  modes  can  be  observed. 

After  determining  the  required  inter- 
resonator  spacings,  the  mode  spectrum  of 
the  resultant  array  is  calculated.  The 
frequency  spectrum  of  an  actual  filter  of 
this  design  is  shown  above  the  calculated 
spectru: ..  The  coincidence  in  frequency  of 
the  two  modes  at  117  KHz  above  center  fre¬ 
quency  results  in  a  very  strong  mode — that 
mode  where  the  two  dashed  lines  meet.  Fig¬ 
ure  6  shows  the  insertion- loss  versus  fre¬ 
quency  scan  of  a  filter  of  this  design. 

There  is  good  agreement  between  the  calcu¬ 
lated  mode  spectrum  of  Figure  5  and  the 
actual  response  of  Figure  6  which  also 
clearly  shows  the  predicted  strong  mode. 

Figures  5  and  6  indicate  that  the  re¬ 
gion  from  approximately  60  to  80  KHz  above 
the  pass-band  is  free  of  unwanted  modes. 

In  order  to  improve  the  inharmonic  suppres¬ 
sion,  two  resonators  (#2  and  #6)  having  re¬ 
sponses  at  117  KHz  above  center  frequency 
are  replaced  with  resonators  having  re¬ 
sponses  in  the  open  region.  Figure  7 
shows  a  scan  for  a  filter  with  the  two 
resonators  changed.  The  two  modes  which 
have  been  added  to  the  formerly  open  re¬ 
gion  are  easily  seen  when  comparing  Fig¬ 
ures  6  and  7.  Since  this  design  avoids 
mode  coincidences ,  the  out-of-band  sup- 
presion  level  has  improved  considerably. 

That  is,  in  brief,  a  way  in  which  in¬ 
harmonic  modes  can  be  suppressed.  The  meth¬ 
od  does  not  depend  upon  calculation  of  mode 
strengths  which,  in  the  past,  have  proved 
to  be  somewhat  unreliable.  It  does  provide 
a  relatively  straightforward  way  which  has 
been  successful  in  achieving  good  inharmonic 
mode  suppression. 

Plate  Modes 

The  second  class  of  modes  to  be  con¬ 
sidered  are  what  are  often  called  plate 
modes.  Recall  that  these  are  the  overtones 


of  flexural,  face-shear,  and  extensional 
modes .  They  occur  at  nearly  harmonically 
related  frequencies  both  above  and  below  the 
pass-band.  When  one  or  more  of  these  modes 
fall  near  the  pass-band  of  a  filter,  dis¬ 
tortion  in  the  transition-band  can  result 
as  shown  in  Figure  8.  Rather  than  rising 
monotonically  as  expected  from  the  filter 
design,  a  "rolling-off"  is  seen  in  the  lower 
transition-band  of  the  filter.  This  example 
is  a  rather  extreme  one.  In  many  cases,  the 
presence  of  an  interfering  mode  is  not  so 
evident — the  roll-off  is  less  noticeable 
although  still  present. 

Whereas  the  inharmonic  modes  have  fre¬ 
quencies  which  are  strongly  affected  by  the 
resonator  shapes,  the  plate  modes  are  rela¬ 
tively  insensitive  to  these  shapes.  Instead, 
their  frequencies  are  determined  primarily  by 
the  lateral  dimensions  of  the  plate.  Hence 
the  designation,  "plate  modes" — and  the  key 
to  the  solution  of  the  problem. 

The  existence  of  these  modes  is  illus¬ 
trated  in  Figure  9.  The  insertion-loss 
versus  frequency  characteristics  of  this 
same  filter  over  a  three  plus  MHz  range  are 
shown .  A  great  many  modes  are  found ,  the 
strongest  of  which  have  a  74  KHz  spacing. 

Note  that  these  modes  are  very  weak,  being 
suppressed  around  70  dB  relative  to  the  in- 
band  loss.  Nonetheless,  when  they  happen 
to  fall  close  to  the  pass-band,  they  cause 
transition-band  distortion. 

That  the  cause  of  transition-band  dis¬ 
tortion  is  an  interfering  plate  mode  becomes 
even  clearer  in  Figure  10.  In  this  inser¬ 
tion-loss  versus  frequency  scan  the  fre¬ 
quencies  of  a  series  of  modes  below  the 
pass-band  are  marked.  If  74  KHz  is  added 
to  the  8.076  MHz  of  the  mode  closest  to 
the  pass-band,  the  frequency  of  the  next 
mode  would  be  expected  to  be  around  8.150 
MHz.  This  is  exactly  where  the  transi¬ 
tion-band  rolls  off. 

A  literature  search  reveals  that,  for 
a  plate  the  size  of  that  used  in  this  mono¬ 
lithic  crystal  filter  (34.4  mm  in  length), 
length  dependent  face-shear  modes  should 
have  a  spacing  of  approximately  74  KHz.d' 

The  face- shear  mode  causing  the  problem 
seen  in  this  filter  at  8.150  MHz  is  the 
110th  overtone! 

Several  experiments  were  performed  to 
verify  the  identification  of  these  unwanted 
plate  modes.  Application  of  damping  material 
to  the  ends  of  the  plate  should  greatly  at¬ 
tenuate  the  length  dependent  face-shear  mode. 
Figure  11  shows  the  effect  of  applying  a  thin 
line  of  epoxy  across  the  ends  of  the  plate. 
The  strong  modes  (74  KHz)  are  greatly  atten¬ 
uated.  Most  of  the  modes  which  still  exist 
are  width  dependent.  The  family  of  flexural 
modes  were  identified,  some  of  which  are 
noted  with  small  arrows.  These  modes  have 
a  spacing  of  around  144  KHz,  again  in  good 
agreement  with  that  predicted  from  available 
literature  for  a  plate  of  this  width  (11.2 
mm).  When  epoxy  is  applied  to  the  width 
edges  of  the  plate,  the  responses  marked 
by  the  small  arrows  are  eliminated. 


Another  experiment  which  can  be  done 
to  verify  the  classification  of  these  modes 
(especially  the  weaker  flexural  modes)  is 
to  design  and  make  an  x-coupled  filter.  To 
do  this,  the  plate  and  array  are  rotated  90" 
making  the  long  dimension  (the  coupling  di¬ 
rection)  the  x  or  digonal  axis.  Then,  of 
course,  the  z'-axis  becomes  the  width  di¬ 
rection.  Since  the  primary  frequency  con¬ 
trolling  axis  (x)  for  the  flexural  mode  is 
now  about  three  times  as  long  as  in  the  z'- 
coupled  case,  the  flexural  mode  spacings 
should  be  one-third  that  found  in  the  z'- 
coupled  case  (or  48  KHz).  Figure  12  shows 
the  performance  of  one  such  filter.  The 
two  modes  below  the  pass-band  and  certain 
of  those  above  are  flexural  modes  with  a 
spacing  of  about  47  KHz.  In  this  case,  the 
flexural  modes  are  considerably  stronger  than 
observed  in  the  z'-coupled  filters  while  the 
face-shear  modes  are  suppressed.  This  change 
in  suppression  levels  is  probably  due  to  two 
causes.  First,  the  designs  are  symmetric 
along  the  width  (and  not  along  the  length) 
and,  second,  the  plates  are  damped  by  the 
mounting  structure  on  the  width  edges  as 
shown  in  Figure  1.  Both  facts  may  result 
in  suppression  of  the  width  dependent  modes 
whether  they  be  flexure  or  face-shear.  At 
any  rate,  the  spacings  agree  well  with  those 
expected. 


T.  R.  Meeker  has  recently  described  a 
method  of  calculating  these  mode  frequen¬ 
cies  (?)  using  equations  derived  from  the  work 
of  Mindlin  and  Spencer^35  and  Tiersten.(4) 

The  results  of  this  study  agree  quite  well 
with  Meeker's  predictions  also. 


Given  the  fact  that  an  interfering  mode 
is  causing  a  problem  at  a  particular  fre¬ 
quency,  the  filter  center  frequency  can  be 
adjusted  by  either  addition  or  removal  of 
mass  from  the  electrodes  resulting  in  an  im¬ 
proved  filter  at  a  different  frequency.  Fig¬ 
ure  13  shows  the  result  of  ion  milling  one 
filter  in  two  5  KHz  steps.  As  the  center 
frequency  is  raised  by  the  milling  opera¬ 
tion,  the  transition-band  improves.  The 
frequency  of  the  interfering  mode  is  un¬ 
changed  as  expected. 


Conversely,  if  the  roll-off  in  the 
transition-band  is  due  to  plate  modes,  one 
should  be  able  to  change  the  plate  dimen¬ 
sions  and  improve  the  performance  of  a  filter 
at  a  given  frequency.  Figure  14  shows  the 
effect  on  the  transition-band  of  shortening 
the  plate  length  in  two  0.025  mm  steps.  As 
we  move  the  interfering  mode  (in  this  case, 
a  length  dependent  face-shear  mode),  the 
lower  transition-band  performance  improves. 

In  practice,  of  course,  these  modes 
should  be  placed  outside  the  region  of  in¬ 
terest  by  correctly  dimensioning  the  plate. 
Although  it  is  a  relatively  simple  matter 
to  determine  the  frequency  spacing  between 
overtones  of  plate  modes,  it  may  be  diffi¬ 
cult  to  predict  the  precise  frequency  at 
which  these  high  overtones  will  fall.  These 
precise  frequencies  depend  on  the  effective 
acoustic  dimensions  of  the  plate  which  may 
differ  from  the  mechanical  dimensions  due 
to  the  plate  edge  finish  or  the  mounting 
structure,  for  example.  For  the  situation 


where  filters  are  required  over  a  frequency 
range  larger  than  the  spacings  between  modes, 
two  or  more  plate  sizes  may  be  needed  to 
ensure  freedom  from  the  interfering  plate 
modes . 


Closing  Remarks 


The  investigation  has  concentrated  on 
the  phenomena  of  interfering  plate  modes  only 
for  rectangular  plates.  For  circular  plates, 
the  mounting  structure  is  usually  attached  to 
the  plate  at  a  45“  angle  to  the  x-axis.  The 
combination  of  mechanical  damping  through  the 
mounting  wires  and  the  circular  plate  geom¬ 
etry  probably  provides  adequate  suppression 
of  these  modes.  Plate  modes  are  usually  not 
a  problem. 

For  the  inharmonic  modes,  the  comments 
herein  apply  to  both  circular  and  rectan¬ 
gular  plates  since  these  modes  are  affected 
largely  by  che  electrode  dimensions — not 
the  plate  geometry.  The  methods  of  achiev¬ 
ing  inharmonic  mode  suppression  would  be 
identical. 
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Figure  1-8  Resonator  Monolithic  Crystal  Filter. 
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Figure  2 

Insertion-Loss  Versus  Frequency  Scan  of 
8  Resonator  Monolithic  Crystal  Filter. 


MASK  544 


SINGLE 

RESONATORS 


•  204  MM|  S26*  MM! 


Mi 


Figure  3 

Insertion-Loss  Versus  Frequency  Scan  of  8 
Identical  Resonator  Monolithic  Crystal  Filter 
(X-ray  Topographs  of  Mode  Patterns  Included). 
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Figure  A 

Resonator  Inharmonic  Mode  Spectra  for  8 
Resonator  Monolithic  Crystal  Filter. 
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Same  as  Figure  4  With  Comparison  of  Calculated 
and  Observed  8  Resonator  Monolithic  Crystal 
Filter  Inharmonic  Spectra. 
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Figure  6 

Insertion-Loss  Versus  Frequency  Performance  of 
the  8  Resonator  Monolithic  Crystal  Filter  Shown 
in  Figure  1. 
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Figure  7 

Insertion-Loss  Versus  Frequency  Performance  of 
Improved  Design  Monolithic  Crystal  Filter. 
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Figure  9 

Plate  Mode  Spectrum  Observed  Over  3  MHz  Range 
for  an  8  Resonator  Monolithic  Crystal  Filter. 
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Figure  8 

Pass-Band/Transition-Band  Response  of  8 
Resonator  Monolithic  Crystal  Filter. 
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Figure  10 

Detailed  Plate  Mode  Spectrum  of  8  MHz 
Monolithic  Crystal  Filter. 


IK 


100 


I 


6  7 

FREQUENCY  (MHz) 


8.000  8.050  8.100  8.150  8.200  8.250  8.300 

FREQUENCY  (MHz) 


Figure  12 

Figure  11  Performance  of  X-Coupled  8  Resonator  Monolithic 

Plate  Mode  Spectrum  Observed  Over  3  MHz  Range  Crystal  Filter, 
for  Monolithic  Crystal  Filter  with  Damping 
Material  on  Plate  Ends. 


-10  f0  +1' 
FREQUENCY  (kHz) 


Figure  13 

Effect  of  Changing  Filter  Frequency  by  Ion 
Milling  Electrode  Array. 
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Figure  14 

Effect  of  Changing  Plate  Length  by  Lapp ini 
Ends  of  Plate. 
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Summary 

The  stacked  crystal  filter,  a  structure  where 
mechanical  and  piezoelectric  coupling  occur  at  the 
interface  of  two  or  more  plates,  was  first  Introduced 
in  June  1972.  The  plates  are  stacked  In  the  thickness 
direction  and  are  driven  in  thickness  modes  of  motion. 
This  type  of  structure  may  offer  miniature  low- loss 
acoustic  filters  using  two  or  three  mode  Interaction 
in  each  crystal  layer. 

Computer  programs  have  been  developed  to  simu¬ 
late  stacks  of  two  crystal  plates  with  the  normal 
modes  arbitrarily  located  In  relation  to  the  plate 
coordinates.  The  programs  allow  the  plates  to  be 
rotated  around  the  thickness  direction  with  respect  to 
each  other. 

Computerized  filter  results  will  be  shown  for 
arbitrarily  selected  coupling  coefficients  and  mode 
velocities  for  the  normal  inodes  in  the  plates.  The 
effects  of  plate  rotation  in  the  case  of  an  AT-cut 
quartz  stagk  indicates  mode  coupling  for  angles  as 
small  as  5  with  varied  response  effects  for  further 
increases  in  plate  rotation. 

In  the  case  of  single  mode  stacks,  the  effects  of 
the  bond  parameters  on  lossy  bonds  of  arbitrary  di¬ 
mensions  between  plates  are  treated. 

Experimental  studies  and  results  of  some  of  the 
configurations  will  be  presented. 

The  combined  studies  indicate  that  multi-mode 
stacked  crystal  filters  can  be  utilized  in  an  effect¬ 
ive  manner  to  shape  filter  response  characteristics. 
They  also  indicate  that  characteristics  not  readily 
achievable  with  simple,  single-mode  units  can  be  ob¬ 
tained. 

Introduction 

A  stacked  crystal  filter  is  a  bulk  wave  device 
composed  of  individual  crystal  plates  bonded  together 
in  a  sandwich-type  structure.  Therefore,  the  coupl¬ 
ing  between  elements  is  acoustical  (mechanical)  rather 
than  the  electrical  coupling  commonly  employed  in 
traditional  crystal  filters.  To  examine  the  potential 
of  these  stacked  filters  as  miniature  low-loss  acoustic 
filters,  a  series  of  computer  programs  were  written 
for  the  thickness  excitation  of  the  thickness  mode 
case.  These  programs  represent  single  mode  plates, 
plates  with  two  modes  normal  to  the  plate  thickness 
direction,  and  plates  with  three  normal  modes  arbit¬ 
rarily  located  in  relation  to  the  plate  coordinates. 

In  order  to  make  this  latter  program  applicable 
to  any  genarallted  configuration,  thrae  auxiliary  pro- 
grasu  are  utilised:  a  program  to  calculate  the  plats 
material  constants  (stiffness,  pletoelectrlc  stress, 
and  dielectric  permittivities)  for  any  arbitrary  plate 
orientation  In  relation  to  the  standard  (XYZ)  crystal¬ 


lographic  axes  cf  the  plate  material,  a  second  program 
to  determine  the  orientation  of  the  normal  mode  axes 
of  the  plxte  in  relation  to  the  actual  plate  coordin¬ 
ates  and  a  third  program  to  convert  these  results  into 
velocity  and  coupling  coefficient  Information. 

All  the  results  to  be  described  pertain  to  the 
simple  two-element  stack  illustrated  in  Figure  1, 
however,  programs  for  more  elaborate  stacks  can  be 
developed. 

Discussion 

The  point  for  the  development  of  these  programs 
was  the  transmission  line  normal  mode  equivalent  cir¬ 
cuit  of  Figure  2  as  developed  by  Dr.  Ballato  [l].  Each 
transmission  line  is  associated  with  one  of  the  three 
allowed  modes  of  vibration  as  determined  from  the  sol¬ 
ution  of  the  secular  equation  [2]  governing  this  TETM 
case.  If  the  particular  plate  under  consideration  has 
a  mode  which  is  not  piezoelectrlca^ly  excitable,  the 
electromechanical  transformers  associated  with  this 
mode  (transmission  line)  are  removed.  This  normal  mode 
equivalent  circuit  for  each  plate  can  be  associated 
with  a  normal  mode  open  circuit  impedance  matrix  of  the 
form  shown  in  Figure  3.  Z  '  ,  9^,  and  n^  in  this  fig¬ 

ure  are  respectively  the  characteristic  impedance, 
propagation  constant  and  electromechanical  transformer 
turns  ratio  of  the  allowed  mode  1.  These  modes  are 
propagating  in  the  thickness  direction  of  a  plate  of 
thickness  2h.  C  represents  the  usual  interelectrode 
capacitance.  0 

If  the  normal  mode  axes  coincide  with  the  actual 
plate  axes  for  each  element  in  the  stack,  this  equiva¬ 
lent  circuit  and  matrix  contains  all  the  information 
required  to  determine  the  frequency  response  of  the 
stack,  except  for  the  mechanical  and  electrical  bound¬ 
ary  conditions.  However,  In  general,  the  normal  mode 
axes  of  a  plate  will  not  coincide  with  the  actual  plate 
axes.  In  this  case,  it  is  necessary  to  add  a  multiple- 
winding  transformer  at  each  end  of  the  normal  mode 
equivalent  circuit  to  represent  the  orthogonal  trans¬ 
formation  from  the  normal  mode  coordinates  to  the  actual 
coordinates. 

The  equivalent  circuit  representation  of  a  single¬ 
element  in  the  stack  in  terms  of  the  actual  plate 
coordinates  is  shown  in  Figure  4.  The  turns  ratios  of 
these  transformation  transformers  are  determined  from 
the  components  of  the  eigenvectors  associated  with  the 
eigenvalues  of  the  secular  equation.  When  these  same 
coordinate  transformations  are  applied  to  the  normal 
mode  impedance  matrix,  the  actual  coordinate  impedance 
matrix  shown  in  Figura  S  is  obtalnad.  In  the  general 
case,  every  term  In  this  actual  coordlnata  matrix  is 
non-taro  even  though  almost  half  the  elements  In  the 
normal  mode  impedance  matrix  were  tero. 

The  multimode  filter  stacks  to  be  considered  here 


will  consist  of  only  two  of  these  plates  as  shown  In 
Figure  6.  While  not  shown  explicitly  in  this  figure, 
it  is  assumed  that  each  plate  surface  normal  to  the 
thickness  direction  has  an  electrode  on  It  and  that 
the  smallest  of  these  electrodes  determines  the  active 
area  of  the  plate.  There  Is  no  requirement  that  the 
plates  be  the  same  size  or  thickness  or  even  made  of 
the  same  material  even  though  the  case  illustrated 
uses  Identical  plates.  As  shown  in  this  figure, 
another  degree  of  freedom  is  available  in  this  stack. 

The  actual  coordinates  of  one  plate  can  be  rotated 
about  the  common  thickness  axis  in  relation  to  the 
other  plate. 

The  actual  mode  equivalent  circuit  of  this  two- 
element  stack  is  shown  in  Figure  7.  The  multi-winding 
transformer  between  the  two  plates  establishes  the 
coordinates  of  the  left  plate  as  the  reference  frame¬ 
work  and  refers  the  coordinates  of  the  right  plate  to 
them.  The  turns  ratios  are  dependent  on  the  relative 
rotation  between  the  plates.  To  obtain  a  solution,  the 
following  method  is  utilized.  The  traction  free 
mechanical  boundary  conditions  are  applied  to  the  free 
surfaces  of  both  the  right  and  left  plates.  This 
reduces  the  7x7  impedance  matrices  to  a  set  of  4  x  4 
matrices  Involving  only  the  electrical  quantities  and 
the  equivalent  mechanical  variables  on  the  junction 
sides  of  the  plates.  Application  of  the  appropriate 
electrical  termination  to  the  right  place  further  re¬ 
duces  the  matrix  of  this  plate  to  one  involving  only 
the  junction  variables.  When  the  variables  of  the 
right  plate  are  referred  to  the  reference  coordinates 
of  the  left  plate,  the  continuity  of  stress  and  velo¬ 
city  conditions  can  be  used  to  obtain  a  simultaneous 
set  of  expressions  for  the  junction  currents  in  terms 
of  the  input  electrical  current.  This  leads  to  an 
expression  for  the  terminated  input  impedance  of  the 
stack.  With  an  expression  for  the  input  impedance,  it 
is  a  simple  task  to  determine  the  input  current  in 
terms  of  the  applied  electrical  voltage.  The  steps  are 
then  retraced  to  determine  the  appropriate  electrical 
output  voltage  and  current. 

This  procr  'ure  has  been  applied  to  several  special 
cases  of  this  6_neallzed  equivalent  circuit.  The 
first,  with  only  une  normal  mode  perpendicular  to  the 
thickness  direction  in  each  plate,  and  no  inter-plate 
rotation,  assumes  a  finite  bonding  layer  between  plates. 
The  bond  is  represented  by  a  lossy  transmission  line, 
and  has  arbitrary  values  of  thickness  and  cross- 
sectional  area.  This  case  can  also  be  represented  by 
the  more  familiar  Mason's  equivalent  circuit  and  solved 
by  straightforward  ladder  techniques.  Figure  8  gives 
the  results  computed  for  two  single  mode,  AT-cut, 
quartz  plates  separated  by  a  gold  bonding  layer  with 
an  assumed  mechanical  Q  of  100.  Solutions  are  shown 
for  seven  different  values  of  bond  area. 

Inspection  of  Figure  8  reveals  a  direct  analogy  of 
the  system  to  a  double  tuned  filter  circuit.  With  full 
bond  area,  a  single  resonance  is  observed  at  the  wave¬ 
length  thickness  of  the  stack.  With  reducing  bond  area, 
the  single  resonance  becomes  double  humped,  with  ripple 
and  peak  separation  determined  by  bond  area.  Critical 
coupling  is  theoretically  achievable. 

A  similar  calculation,  for  fixed  bond  area  and 
variable  bond  thickness,  shows  a  similar  control  of 
coupling.  A  thin  bond  produces  the  single  resonance 
of  loose  coupling  and  a  thick  bond  produces  an  over- 
coupled  response,  accompanied  by  excessive  insertion 
loss.  In  all  combinations,  the  optimum  critical  coupl¬ 
ing  parameters  are  dependent  on  the  physical  properties 
of  both  the  bonding  material  and  stack  elements. 

The  second  case  considered  allows  two  normal  modes 


in  each  plate  which  are  again  perpendicular  to  the  plate 
thickneas  direction.  For  this  case,  intimate  or  welded 
contact  between  the  mating  plate  surfaces  was  assumed, 
however,  relative  rotation  between  the  pletes  was 
allowed.  Figure  9  illuatrates  the  response  obtained 
for  two  Identical  plates.  The  density  and  dielectric 
constant  of  AT-cut  quartz  material  were  used  as  well  as 
a  mode  1  coupling  coefficient,  XK1,  of  0.088  and  a  mode 

1  velocity,  CT1,  of  3.32  x  10  m/sec.  Mode  2  coupling 
XK2,  Is  assumed  to  be  twice  that  of  mode  1,  while  mode 

2  velocity,  CT2,  is  1.1  times  that  of  mode  1.  Each 
plate  is  resonant  and  one-half  wave  thick  at  10  MHz 
for  the  mode  1  velocity.  Assumed  electrode  diameter  is 
1  cm,  the  source  is  a  1  volt  generator  with  1600  ohms 
internal  resistance,  and  the  load  is  a  1600  ohm 
resistor. 


Figure  12  again  shows  another  stack  of  two 
identical  plates.  The  parameters  of  these  plates  are 
the  same  as  those  described  in  conjunction  with  Figure 
9,  except  for  the  mode  2  velocity.  For  this  case,  the 
mode  2  velocity  is  assumed  to  be  slower  than  the  mode  1 
velocity  and  equal  to  0.95  times  it.  This  results  in  the 
mode  2  response  occurring  at  a  lower  frequency  than 
that  of  mode  1.  As  illustrated  for  5  of  relative  plate 
rotation,  this  results  in  the  null  response  being  below 
the  mode  1  response.  At  a  relative  plate  rotation  of 
83°,  a  single  peaked  response  curve  is  obtained  similar 
to  that  shown  at  85  in  the  previous  case.  However, 
for  these  conditions,  the  notch  is  now  above  the  main 
response.  This  immediately  suggests  the  possibility 
for  electrically  cascading,  simple,  two-element  stacked 
filters  to  tailor  overall  response.  While  not  illus¬ 
trated,  the  relative  rotation  of  the  plates  can  also  be 
used  to  couple  energy  into  non-piezoelectrically  coupled 
modes  in  one  or  both  plates.  This  has  the  effect  of 
creating  notch  frequencies  in  the  response  curve  at  the 
resonant  frequencies  of  these  modes.  The  notch  depth 
and  exact  character  can  be  controlled  by  the  amount  of 
energy  coupled  into  the  mode  and  is  dependent  on  whether 
a  mechanism  to  couple  any  of  it  back  to  the  electrical 
output  exists  or  not. 


The  third  case  programmed  was  the  3  mode  example 
illustrated  in  Figure  7.  As  mentioned  earlier  this 
general  case  either  requires  previous  knowledge  of  the 
plates  used  in  the  stack  or  the  use  of  the  three 
auxiliary  programs.  Figure  13  Illustrates  the  results 


The  Interaction  of  these  two  piezoelectrically 
coupled  modes  at  0  of  plate  rotation  results  in  the 
notch  in  the  response  curve  following  the  mode  1  res¬ 
ponse.  The  location  of  this  dip  is  dependent  on  the 
ratio  of  the  mode  velocities.  A  faster  mode  2  velo¬ 
city  moves  the  dip  further  away  from  the  mode  1  res¬ 
ponse.  At  small  angles  of  rotation  between  plates, 
the  response  curve  remains  essentially  unchanged.  How¬ 
ever,  at  45  of  relative  plate  rotation,  the  mode  1 
response  has  decreased  considerably  and  the  notch  has 
become  shallower. 

Figure  10  shows  the  effects  of  a  continued  rot¬ 
ation  of  these  plates.  With  70°  rotation  between 
plates,  the  notch  has  deepened  again,  the  mode  1  re¬ 
sponse  has  disappeared  and  the  mode  2  response  has 
begun  to  take  on  a  double-humped  characteristic.  As 
the  relative  plate  rotation  is  changed  to  80°,  the 
response  takes  on  a  skewed  characteristic  with  an 
approximate  mid-band  insertion  loss  of  5  dB,  a  +  2  dB 
passband  ripple  and  a  3  dB  bandwidth  of  approximately 
2.5  percent. 

When  these  plates  are  rotated  to  85°,  the  passband 
ripple  has  disappeared  as  shown  in  Figure  11.  This 
response  haB  a  mid-band  insertion  loss  of  3.5  dB  and  a 
3  dB  bandwidth  of  approximately  1.5  percent. 


its 


of  this  program  for  two  AT-cut  quartz  crystal  plates  in 
intimate  contact.  These  plates  have  one  pure  piezo- 
electrically  excitable  shear  mode,  a  quasi-shear  and  a 
quasi-longitudinal  mode  which  are  both  non-piezo- 
electricallg  coupled.  With  the  plate  axes  exactly 
lined  up  (0  relative  rotation),  the  response  curve 
exhibits  a  nice  smooth  character.  As  soon  as  any 
relative  rotation  between  the  plates  is  Introduced, 
plate  boundary  coupling  to  the  other  modes  takes  place 
and  nulls  and  peaks  occur  in  the  response  curve. 

Figure  14  showg  the  computed  response  for  a  rela¬ 
tive  rotation  of  4 5  between  the  plates .  Here  an 
Interchange  of  energy  from  mode  1  to  mode  2  occurs. 

The  resonant  effects  of  mode  2  appear  and  are  coupled 
back  to  the  output  through  mode  1.  The  response  curve 
for  a  relative  rotation  of  75  between  plates  is  also 
shown. 

The  actual  response  curve  for  a  two-elemeng  stack 
of  AT-cut  quartz  elements  with  approximately  75°  of 
relative  rotation  between  plates  is  shown  in  Figure  IS. 
This  curve  was  taken  in  a  SO  ohm  circuit  with  no 
attempt  at  impedanc.  matching  with  plates  individually 
resonant  in  the  neighborhood  of  6  MHz.  These  plates 
were  bonded  together  with  a  synthetic  polyester 
adhesive.  Lens  Bond  from  Sumners  Laboratories,  Inc.  of 
Port  Washington,  Pennsylvania.  The  advantage  of  this 
type  of  bond,  which  is  capable  of  being  dissolved,  is 
that  the  same  set  of  stacked  crystal  elements  can  be 
used  repeatedly  for  studying  the  effects  of  plate 
rotation  on  the  frequency  response.  There  is  no  claim 
Chat  this  response  represents  a  useable  filter,  but  it 
does  serve  to  lend  credibility  to  the  computed  response 
curves.  There  is  a  high  degree  of  correlation  between 
the  computed  response  of  Figure  14  and  the  response 
shown  in  Figure  IS  over  comparable  frequency  ranges. 

Conclusion 

During  this  Investigation  of  multi-mode  stacked 
crystal  filters  the  major  emphasis  was  placed  on  the 
development  of  computer  programs,  based  on  the  trans¬ 
mission  line  model  of  a  TETM  plate,  to  simulate  the 
stack  behavior.  This  placement  of  emphasis  is  the 
reason  why  most  of  the  results  presented  employ  ident¬ 
ical  plates.  The  programs  can  handle  any  combination 
of  plates;  however,  for  debugging  and  interpretation 
purposes  it  is  convenient  to  use  identical  plates.  It 
is  not  Intended  to  imply  that  this  configuration  is 
better  than  or  even  as  good  as,  any  of  the  multitude 
of  non-identical  place  configurations  which  can  be 
conceived. 

Tables  I  and  II  indicate  some  of  the  wide  range 
of  crystalline  materials/orientations  and  bonding 
materials  which  can  be  used  in  stacked  crystal  filters. 
Such  a  multitude  of  choices  should  offer  a  wide  variety 
of  filter  characteristics. 

It  is  hoped  that  enough  information  about  the 
stacked  crystal  filter  has  been  presented  to  demon¬ 
strate  its  potential  and  to  encourage  further  theore¬ 
tical  and  experimental  investigation  of  this  con¬ 
figuration.  Even  the  two-element  stack  considered  here 
deserves  more  extensive  investigation.  The  next 
logical  step  in  the  investigation  after  this  is  the 
inclusion  of  a  bonding  layer  in  the  two-element  stack 
of  multi-mode  plates.  Then  an  extension  of  the  stack 
to  more  than  two  plates  should  be  carried  out. 

In  conjunction  with  this  extension,  an  augmen¬ 
tation  of  the  plate  equivalent  circuit  is  desirable. 
This  would  allow  a  variety  of  electrlcel  inter¬ 
connections  between  elements  in  the  stack  to  be  con¬ 
sidered,  and  add  to  the  potential  usefulness  of  the 


stacked  crystal  filter. 
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Figure  1 


Two-Element  Stacked  Crystal  Filter 
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Figure  7 


Equivalent  Circuit  of  a  Stacked  Filter  of  Two  Pletes  Without 
Boundary  Condition*  Applied 
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Intertlon  Loaf  Vereua  Frequency  for  Cold-Bonded  TWo-Cryetal 
Single-Mode  AT-Cut  Quart!  Filter 
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Figure  9 


Frequency  in  Hertz 

Frgquency  Response  of  a  Two-Mode  Stacked  Filter  at  0°  and 
45  of  Relative  Plate  Rotation 
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Figure  10 
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Frequency  Response  at  Relative  Plate  Angles  of  70°  and  80° 


of  the  Two-Mode  TVo-Element  Stack 
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Power  Insertion  Loss  in  dB 


Two  Element  Stack  85°  Rotation  Between  Plates 


Figure  11  Same  Stack  of  Two-Mode  Elements  with  85°  Rotation  Between  Plates 
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Figure  12  Another  Two-Mode  IVo-Blement  Stack  Frequency  Response 
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Figure  14  Theoretical  Frequency  Reaponse  of  AT-Cut  Quartz  Stack  at  45° 
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TABLE  I 

PROPERTIES  OF  SOME  FILTER  MATERIALS 


Figure  15  Measured  Response  of  TVo  AT-Cut  Quartz  Plates  at  75°  Rotation 

Between  Plates 
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Summary 

The  design  and  the  characteristics  of  a  newly 
developed  128  kHz  pole-type  mechanical  channel  filter 
are  described. 

The  filter  consists  of  two  2nd  mode  flexural 
transducers,  six  fundamental  mode  torsional  resonators 
,  longitudinal  coupling  wires  and  two  two-resonator 
bridging  wires.  Since  each  two-resonator  bridging 
wire  is  designed  to  be  less  than  one-half  of  an  acou¬ 
stic  wave-length  long,  a  1:-1  phase  invertor  can  be 
realized  by  making  use  of  these  modes  of  transducers 
and  resonators,  without  using  oblique  bridging  wire. 
Then  a  symmetric  pair  of  attenuation  poles  above  and 
below  the  filter  pass-band  can  be  realized  by  each 
two- resonator  bridging  wire,  respectively.  This  syra- 
ple  ^i/ter  structure  is  well  suited  for  automated 
production. 

Concerning  filter  synthesis,  the  Min-Max  optimi¬ 
zation  method  io  applied  to  realize  the  filter  cir¬ 
cuit-  having  minimized  sensitivity  to  various  parame¬ 
ters. 

Typical  pass-band  response  fulfills  the  desired 
specification  of  1/20  of  the  CC1TT  recommendation 
throughout  the  temperature  range  of  5°C  to  55°C. 

By  the  introduction  of  pole-type  mechanical  filter, 
the  minimum  group  delay  is  reduced  to  0.57  ms.. 

The  group  delay  distortion  is  nearly  1/4  of  the  CCITT 
I  »■  C  232C.  The  filter  volume  is  reduced  to  10.7  cm 
and  is  about  1/6  of  the  conventional  LC  channel  filter 
now  used  in  FUJITSU. 

Introduction 


The  channel  filter  for  FDM  telephone  system  is 
the-  most  integral  part  with  the  highest  production 
volume  in  the  svstem.  Various  filter  technologies 
including  LC  filters,  mechanical  filters, MCFs  etc. 
have  been  studied  for  improving  cost/  performance 
ratio  for  use  in  next  generation  of  telephone  system. 

In  the  field  of  mechanical  filters,  two  types  of 
Ji^rcro,  polynomial  and  pole-type,  have  been  studies. 

As  for  polynomial  mechanical  filters,  a  compact 
channel  filter  at  48  kHz  has  been  developed  by  Siemens 
,  Germany.  Thu  stop-band  selectivity  and  the  pass- 
band  amplitude  characteristics  of  this  filter  are 
satisfactory  for  voice  communication,  but  the  group 
delay  distortion  may  be  excessive  when  data  are  to  be 
transmitted. 

On  the  other  hand,  pole-type  mechanical  filter3-8 
allows  the  reduction  in  number  of  resonators  for  the 
same  stop-band  selectivity,  therby  giving  a  flatter 
group  delay  in  pass-band  and  a  smaller  size. 

The  authers  realized  a  pole-type  mechanical  cha¬ 
nnel  filter  at  128  kHz  in  a  simple  structure  for  a 
premodulation  scheme  use  where  only  one  filter  type 
is  required. 


Filter  Structure 

The  pictorial  structure  of  this  filter  Is  shown 
in  Fig. 1.  Transducers  and  resonators  are  coupled  by 
longitudinally  vibrating  wires.  Two  two-resonator 
bridging  wires  are  used  to  realize  two  pairs  of  att¬ 
enuation  poles  at  finite  frequency  in  the  upper  and 
the  lower  stop-band.  In  this  figure,  arrow  heads  and 
a  dotted  line  indicate  the  direction  of  the  vibration 
displacements.  Displacement  direction  at  A  and  B  are 
inverted  by  making  use  of  flexural  transducer  and 
torsional  resonator.  Thus  a  phase  inverter  can  be 
realized  by  bridgiong  these  two  points  by  a  bridging 
wire  which  is  less  than  one-half  of  an  acoustic  wave¬ 
length  long,  without  using  oblique  bridging  wire. 

As  the  result,  a  symmetric  pair  of  attenuation 
pole  in  the  upper  and  the  lower  stop-band  can  be  rea¬ 
lized  by  each  two-  resonator  bridging  wire.  This 
simplified  structure  is  well  suited  for  automated  pro¬ 
duction.  An  electric  circuit  is  connected  to  each  of 
input  and  output  of  the  mechanical  filter,which  acts 
as  an  impedance  matching  circuit  and  an  electrical 
coupling  circuit  of  'he  signal  filter  to  the  channel 
filter.  The  equivalent  circuit  of  the  filtre  is  shown 
in  Fig. 2. 

Circuit  Design 

The  mechanical  channel  filter  was  designed  to 
minimize  the  number  of  resonators  for  miniatureriza- 
tion  and  economization,  by  Introducing  the  attenuation 
pole  and  utilizing  the  selectivity  of  the  electric 
matching  circuits  as  well  as  the  transducers. 

From  the  results,  the  circuit  degree  was  determined 
to  20th.  To  realize  a  filter  circuit  having  minimized 
sensitivity  to  various  parameters,  sensitivity  invest¬ 
igations  were  performed. 

From  the  results,  design  condition  of  128  kHz 
pole-type  channel  filter  was  determined  as  follows: 

.  reflecting  propagation  attenuation 

in  the  pass-band:  33. A  dB 

(i.e.  a  ripple  »0.004dB) 

.  circuit  degree  :  20th 

.  pole  frequency  :  127.645  kHz 

127.905  kHz 
131.790  kHz 
132.004  kHz 

Concerning  circuit  synthesis,  the  Min-Max  opti¬ 
mization  method  was  applied. 

Resonator  and  Transducer 

Resonator 

The  fundamental  mode  torsional  resonators  sre 
made  of  a  constant  Young's  modulus  alloys,  and  are 
approximately  11  nn  in  length  and  3  ■  In  diameter. 
After  suitable  heat  treatment,  the  average  Q-value  of 
these  resonators  becomes  about  3x10*  and  the  frequency 


20? 


temperature  coefficient  la  lea*  than  2xlO~*/*C. 

The  resonators  are  tuned  automatically  by  a  laser 
machine  within  *  4Hz. 

Transducer 

The  highly  stable  and  high-Q  transducer  was  deve¬ 
loped  for  this  filter.  The  transducer  Is  vibrating  In 
2nd  mode  flexure,  and  is  made  of  a  constant  Youngis 
modulus  alloy  and  a  piezo-electric  ceramic  having  a 
coupling  factor  kjj  of  27. 5  Z.  The  ceramic  platelet 
Is  soldered  to  a  flattened  side  of  a  resonator  as 
shown  In  Fig.  3. 

The  poling  directions  of  the  ceramic  platelet  are 
inversed  as  shown  In  this  figure,  so  that  the  2nd 
flexural  mode  could  be  driven.  The  supporting  wire  is 
welded  to  the  center  of  the  transducer.  Characteris¬ 
tics  of  the  transducer  are  as  follows: 

.  frequency  temperature 
coefficient:  <  5xlO“®/*C 

.  mechanical  Q:  approx.  3S00 

.  capacitance  ratio:  400 


Coupling  between  resonators 

The  fundamental  mode  torsional  resonators  are 
coupled  by  longitudinally  vibrating  coupling  wire  by 
means  of  welding.  Coupling  state  of  two  resonators  is 
shown  in  Fig.  4.  A  coupler  Is  spot-welded  at  the  pos¬ 
ition  X  on  the  two  resonators.  Vhere  equvalent  cou¬ 
pler  length  Is  lc.  and  Dr,  Dc  are  the  diameter  of  the 
resonators  and  the  coupler, respectively .  Resonance 
angular  frequencies  at  both  resonators  are  equal  to  u>r 
before  coupling. 

When  only  the  longitudinal  coupling  is  considered, 
the  equivalent  circuit  is  shown  in  Fig.  S.  In  the 
coupling  state,  the  two  observed  resonance  angular  fre- 


quencles  ui  and  Uz  (corresponding  to  the 
put  impedance),  coupling  coefficient  k 
ular  frequency  ug  are  given  as  follows: 

zeros  of  the  in- 
and  center  ang- 

Wl  *  J  Sr/(Mr  +  Me) 

(1) 

<*12  -  K Sr  +  Sc)/(Mr  +  Me) 

(2) 

(4>Q  *  (u>l+  W2)/2 

(3) 

k  -  (W2-  WlJ/Wj-  ~(G)2-  Wl)/  Wl 

(4) 

where 


solid  line  represents  the  value  calculated  from  equ¬ 
ation  (4).  In  the  measured  value,  abnormal  state  of 
coupling  coefficient  are  found  around  points  of  lc«4.5 
am  and  lc“6. 3  mm.  These  are  caused  by  resonances  of 
the  flexural  modes  of  the  coupler. 10  The  dotted  line 
indicate  the  calculated  value  in  consideration  of  the 
effect  of  flexural  modes,  and  in  this  case  the  calcu¬ 
lated  value  well  agrees  with  the  measured  one. 

Thus  it  is  needed  to  avoid  flexural  resonance  of 
coupler  when  determining  dimensions  of  coupler,  and 
coupler  length.  By  this  way,  error  of  coupling  coeff¬ 
icient  can  be  reduced  to  about  1  Z. 

Characteristics 

Fig. 7  shows  the  external  apperance  of  the  filter. 
The  filter  volume  is  10.7  cm^  including  matching  cir¬ 
cuits,  and  is  about  1/6  of  the  conventional  LC  channel 
filter  now  used  in  FUJITSU. 

Typical  attenuation  characteristics  of  the  filter 
is  shown  in  Fig.  8.  The  pass-band  response  satisfies 
1/20  CCITT  recommendation  throughout  the  temperature 
range  of  S  *C  to  55  *C.  The  characteristics  is  achiev¬ 
ed  only  by  the  tuning  of  the  end  transformers,  without 
adjustment  of  assembled  mechanical  part  of  the  filter. 
The  insertion  loss  at  800  Hz  off  carrier  (i.e.  128.8 
kHz)  is  about  1.4  dB. 

Croup  delay  characteristic  is  shown  in  Fig.  9. 

The  minimum  group  delay  is  reduced  to  0.57  ms..  The 
group  delay  distortion  is  nearly  1/4  of  the  CCITT  Rec. 
G.232C. 

Fig.  10  shows  the  spurious  responses  in  the  region 
of  10  kHz  to  1  MHz.  The  spurious  respnse  more  than  60 
dB  is  obtained  by  using  end  electric  curcults  and  mak¬ 
ing  vibration  node  of  transducers  different  from  that 
of  resonators. 

Fig.  11  shows  the  aging  characteristics  of  the 
filter  under  the  condition  of  55  *C.  As  shown  in  this 
figure,  characteristics  is  excessively  stable. 

Conclusion 

A  pole-type  mechanical  filter  at  128  kHz  has  been 
successfully  developed  in  a  very  simple  structure, 
which  is  well  suited  for  automated  production. 

The  number  of  resonators  are  minimized  to  8  inclu¬ 
ding  two  transducers,  for  miniaturization  and  economi¬ 
zation.  By  applying  the  minimized  sensitivity  circuit 
design,  pass-band  response  fulfills  the  desired  specif¬ 
ication  of  1/20  CCITT  recommendation  throughout  the 
temperature  range  of  5  *C  to  55  “C. 

The  minimum  group  delay  is  also  reduced  to  0.57 
ms. ,  and  the  group  delay  distortion  is  nearly  1/4  of 
the  CCITT  Rec.  G.232C. 


Mr  “  Pr'Rr*  ^r/(2j,x  ) 

15) 

Sr  -  Mr 

(6) 

Me  *  (  *0  /v>o  )  tan(u>olc/2vc) 

(7) 

Sc  «  Ugzg-  cosec(  Wglc/vc) 

(8) 

2*  «/7-cos(X/lr) 

(9) 

20  m  Ac  /  PcEc 

(10) 

where  Ar,  Ac, and  0,,  Pcindlcate  the  sectional  areas  and 
densities  of  the  resonator  and  the  coupler,respectlvely 
,and  the  vc,  Ec  Indicate  the  longitudinal  velocity  and 
Young, s  modulus  of  the  coupler. 

Relation  between  coupling  coefficient  and  coupler 
length  in  case  of  X~1.03  m  and  Dc*0.218  on  is  shown  in 
Fig.  6.  "*  "  represents  the  measured  value  and  the 
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Fig.l  Structure  of  Mechanical  Channel  Filter 


Fig. 3  2nd  Mode  Flexural  Transducer 


Fig. 2  Equivalent  Circuit 
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O  measured 

—  CALCULATED  (LONGITUDINAL) 

__  CALCULATED  (FLEXURE-LONGITUDINAL) 


Fig. 7  128  kHz  Pole-Tvpe  Mechanical  Killer 


Fig. A  Coupling  State  btween  Two  Resonators 


COUPLER  LENGTH  (mm) 


Fig. 5  Equivalent  Circuit  of  Coupled  Resonators 


Fig.fc  Coupling  Coefficient  vs.  Coupler  Length 


CROUP  DEL AV  (ms)  ATTENUATION  (d8) 


Fig.  8  Texture  Characteristics  of  128  U.  Pole-Type  Meeh.nl ca!  Filter 


««.9  Croup  Delay  Char.etarl.tic 


ATTENUATION  (dB) 


Fig. 10  Spurious  Response 


Fig. 11  Aging  Characteristics 
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LITHIUM  TANTALATE  CHANNEL  FILTERS  FOR  MULTIPLEX  TELEPHONY 
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78500  -  Sartrouville  -  France 


Summary 

There  exist  various  possibilities  provided  by 
modern  filtering  techniques  for  the  realization  of 
channel  filters  for  multiplex  telephony  ;  a  new  pro¬ 
cedure,  based  on  the  use  of  Lithium  Tantalate  resona¬ 
tors,  has  been  studied  in  detail.  It  turns  out  that 
by  using  new  piezoelectric  materials,  such  as  Lithitzn 
Tantalate,  it  is  possible  to  extend  the  range  of 
applications  of  crystal  filters  into  a  domain  that 
was  dominated  previously  by  mechanical  and  by 
classical  LC  filters# 

The  present  paper  describes  in  detail  the 
successive  stages  involved  in  the  realization  of  a 
Lithium  Tantalate  channel  filter  for  128  KHz.  Its 
characteristics  correspond  to  the  CCITT  standards. 

The  scheme  of  the  paper  is  as  follows  : 

-  a  succinct  description  of  the  various 
methods  currently  in  use  :  L-C  filters, 
mechanical  filters,  quartz  filters 

-  design  and  optimization  of  a  Lithium 
Tantalate  filter 

-  design  and  realization  of  Lithiim  Tantalate 
resonators 

-  realization  of  a  filter 

-  critical  analysis  of  the  results  and 
conclusions. 


Introduction 

During  the  past  few  years,  work  on  new 
multiplex  telephony  systems  has  taken  on  added 
importance,  since  the  present  system  (  premodulation 
at  24  KHz  with  LC  filtering  )may  be  improved  and 
therefore  should  be  revised.  Due  to  different  premo¬ 
dulation  frequencies,  the  new  systems  require  a 
variety  of  filters  ;  improved  LC  filters  for  24  KHz, 
ceramic  filters,  mechanical  filters  at  128  KHz  or 
256  KHz,  classical  quartz  filters  at  2.5  MHz  or 
monolithic  crystal  filters  at  8.192  MHz  (  U.S.A.). 

The  technology  to  be  adopted  for  the  reali¬ 
zation  of  channel  filters  is  strictly  dependent 
upon  the  physical  realizability  of  the  componants. 
The  limitations  of  the  various  technologies  are 
reasonably  represented  in  figure  1,  lr  ^on  which  we 
have  superposed  the  operational  domain  of  Llthlisn 
Tantalate  (  LITaOj  ). 


It  should  be  emphasized  that  the  use  of 
Lithium  Tantalate  allows  one  to  cover  a  new  operational 
domain  which  is  complementary  to  that  of  quartz. 

An  examination  of  figure  1  shows  that,  for 
frequencies  of  some  kilohertz  and  for  relative  band- 
widths  between  0.47.  and  107. ,  the  mechanical  filter 
provides  an  interesting  solution  which  explains  the 
intensive  work  being  carried  out  in  this  field. 
Furthermore,  it  is  immediately  apparent  that  LiTaC>3 
piezoelectric  resonators  cover  essentially  the  same 
domain. 

In  table  I,  we  have  assembled  the  main 
design  parameters  of  the  materials  or  means  that  may 
be  used  for  the  realization  of  channel  filters  for 
telephony  ;  here, 

^  s  Q  x  ^ 

Being  given  that  the  normalized  quality  facto^, 
q,  is  highest  for  LiTa03  and  that  its  f requency-tempe- 
rature  characteristic  is  acceptable,  it  seemed  reasona¬ 
ble  to  realize  a  multiplex  telephony  channel  filter 
at  128  KHz  using  this  material. 

Characteristics  of  the  filter 

The  tolerance  contours  that  are  considered 
<  |  CCITT  )  ere  shown  in  figures  2  and  3  for  the  pass- 

band  and  the  stopband,  respectively.  The  allowable 
group  delay  variations  are  given  in  figure  4. 

The  tolerance  contours  imply  extremely  high 
selectivity  for  the  filter  :  40  dB  suppression  of  the 
carrier  and  +0.22  dB  ripple  in  the  passband  for  a 
temperature  range  of  +  10°  to  +  60°  C.  Furthermore,  the 
accepted  insertion  loss  must  be  less  than  1.5  dB  and 
the  input  and  output  impedances  must  be  identical  and 
equal  to  600  n.  These  stringent  conditions  necessarily 
lead  to  a  transfer  function  having  a  large  number  of 
poles. 

In  order  to  ensure  a  simple  and  easily  repro¬ 
ducible  structure  for  the  filters  using  LlTa03  resona¬ 
tors  and  keeping  in  mind  the  high  attenuation  required 
in  the  stopband  (  70  dB  ),  it  was  decided  to  use  a 
Cauer  transfer  function  having  finite  attenuation  poles 
realized  as  a  ladder  structure  (  figure  5  ). 

Filter  design  procedure 

The  synthesis  procedure  used  is  described  in 
detail  in  the  classical  paper  of  Saal  and  Ulbrlch  5 
and  leads  to  the  low-pass  structures  shown  in  figure  6. 
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Actually,  whenever  possible,  the  element 
values  of  the  normalized  low-pass  filter  are  read 
from  the  tables  of  the  appendix  of  reference  5, 
after  having  determined  the  degree  of  the  filter  and 
the  selectivity  factor  (  or  modular  angle  )from  the 
tolerance  contours.  The  resulting  circuit  (  or  Its 
corresponding  transfer  function  )  may  then  be 
analysed  in  order  to  verify  that  attenuation  and  j 
group  delay  responses  lie  within  the  required  limits  . 
For  certain  critical  cases,  the  entire  synthesis 
procedure  may  be  carried  out  automatically  by  means 
of  a  specific  computer  programme 

For  n  =  10,  the  normalized  low-pass  filter 
is  given  in  figure  7.  This  circuit  is  progressively 
modified  by  means  of  standard  network  transforma¬ 
tions  5,7 ^ in  order  to  approach  the  desired  circuit 
of  figure  5. 

The  transformations  are  as  follows 
(  figures  8,  9,  10  )  : 

-  denormalization  relative  to  bandwidth. 

-  partition  of  the  network  into  elementary 
cells. 

-  low-pass  to  band-pass  transformation 
in  which  negative  capacitances  appear. 

-  elimination  of  the  central  negative  capaci¬ 
tances  by  means  of  ideal  Transformers. 

-  elimination  of  the  negative  capacitances 
in  the  input  and  output  cells  (  Norton's 
theorem  ) . 

-  absorption  of  the  ideal  transformers. 

-  transformation  of  the  central  cells 

into  crystal  resonator  equivalent  circuits. 

-  final  denormalization  and  introduction  of 
the  piezoelectric  resonators. 

The  Lithium  Tantalate  Resonators  9,  10. 

The  equivalent  circuit  of  a  LiTa03  resonator 
is  identical  to  that  of  quartz  (  figure  11  )  ; 
however  the  element  values  differ  considerably. 
Bandwidth  considerations  lead  to  a  large  electro¬ 
mechanical  coupling  coefficient  ;  consequently,  a 
Y  +  40°  cut  which  is  suitable  for  a  longitudinal 
mode  was  adopted  (  Figure  12  ). 

The  resulting  capacitance  ratio,  Co  ,  is 

Q 

approximatively  20  and  is  related  to  the  coupling 
coefficient  as  follows  : 


i_=  8 
Co  tP 


k 

1-k 


The  resonant  frequency  of  the  crystal  in  the 
longitudinal  mode  is  given  by  the  relation  : 

i 

f  - - : - — 

•  <1  /  ir  .  tr 


where  -4.44.is  the  compliance,  /°  the  density  and  L, 
the  length  of  the  bar.  Furthermore,  the  equivalent 
Inductance  is  proportional  to  the  thickness  of  the 


L  =  Ke—j±- 


The  above  relations  allow  one  to  estimate  the  perti¬ 
nent  characteristics  relative  to  the  resonator,  e.g., 
the  quality  factor  is  approximatively  50.000. 


Frequency  variation  as  a  function  of  temperatu¬ 
re  is  of  prime  importance.  In  the  case  of  LiTa03  ,  the 
frequency-temperature  characteristics  for  series  and 
parallel  resonances  are  quite  different  (  figures  13a, 
13  b  ). 

The  frequency  variation  for  series  resonance 
is  gttail  (#20  Hz  )  and  it  should  be  possible  to 
improve  this  performance  by  varying  the  cut  angles 
0  or  of  figure  14.  the  parallel  resonance  problem 
is  entirely  different  (  180  Hz  )  :  compensation  is 
therefore  required. 

Realization  and  Optimization  of  the  Filter 

The  above  transformations  have  led  to  the 
circuit  shown  in  figure  10  c  which  consists  of  8 
crystal  resonators  and  a  series  LC  circuit.  The  resul¬ 
ting  equivalent  inductances  of  the  crystal  resonators 
vary  widely  :  an  industrial  realization  of  these  reso¬ 
nators,  per  se,  is  precluded.  Consequently,  four 
standard  inductances  were  chosen  :  1.1  H,  0.8  H,  0.4  H 
and  0.2  H. 

Under  these  conditions,  the  results  are  given 
in  figure  15  and  figure  16,  the  tolerance  contours 
being  respected.  However,  the  series  LC  circuit  is 
undesirable  because  of  its  relatively  low  quality 
factor  and  its  poor  temperature  behaviour.  It  is  re¬ 
placed  by  means  of  the  transformation  indicated  in 
figure  17.  The  definitive  network,  consisting  of  9 
resonators,  is  given  in  figure  18.  The  frequency  res¬ 
ponse  characteristics  (  figures  19  and  20  )  compare 
favourably  with  those  obtained  with  the  original  filter 
(  figures  15  and  16  ). 


Variations  in  temperature  will,  of  course, 
change  the  frequency  response  curve  of  the  filter 
(  figure  21  ).  Among  the  multiple  factors  that  obtain, 
we  shall  consider  those  that  seem  most  pertinent  : 

Transformers 

Temperature  variation  of  inductances  may  be 
compensated  by  means  of  tuning  capacitances  having  a 
negative  temperature  coefficient,  e.  g.,  a  combination 
of 

L=L0  (1+at) 
and  C=C0  (1-at) 

will  yield  a  satisfactory  frequency  variation  as  a 
function  of  temperature. 

Resonators 

The  resonator  problem  is  twofold  : 

-  the  deviation  of  the  series  resonant  frequen¬ 
cy  must  be  compensated  by  varying  the  cut-angle 
slightly,  thereby  permitting  a  translation  of  the 
extremum  of  the  frequency-  temperature  characteristic, 
e.g,,  for  an  inversion  point  a  35°C,  the  frequency 
variation  will  be  of  the  order  of  6  Hz. 

-  compensation  of  the  deviation  of  the  parallel 
resonance  frequency  is  necessary  and  is  readily  carried 
out  whenever  the  parallel  capacitance  of  the  crystal 
resonators  is  relatively  high. 

The  results  obtained  after  temperature  compen¬ 
sation  are  given  in  figures  22  and  23. 
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Realization  of  an  operational  model 
Two  solutions  were  adopted  (  photograph  2  ). 
External  matching 

A  printed  circuit  is  used  for  the  realization 
of  these  filters  ;  the  overall  volume  is  thereby 
reduced  to  a  minimum.  However,  the  external  matching 
circuits  must  be  realized  with  care. 

Internal  matching 

In  this  case,  the  volume  of  the  filter  is 
Increased  considerably  ;  however  a  suitable  volume  may 
be  obtained  by  changing  the  shape  of  the  transformer. 

Evaluation  of  the  results 

The  performances  achieved  with  the  filter 
described  above  are  not  definitive  and  may  be  impro¬ 
ved  in  subsequent  realizations.  In  particular,  the 
128  KHz  range  does  not  bring  out  the  full  potential 
of  Lithium  Tantalate  since  its  preferential  opera¬ 
tional  frequency  is  approximately  250  KHz. 

In  fact,  the  realization  of  a  filter  at  250  Khz 
presents  undeniable  advantages.  The  large  external 
shunt  capacitance  permits  a  relatively  easy  tempera¬ 
ture  compensation  of  the  parallel  resonance  frequency, 
the  Q-factor  is  adequate  for  this  frequency  and 
finally  the  overall  dimensions  of  the  filter  are 
reduced  by  half. 

In  fine,  one  may  arrive  at  the  following 
conclusions  concerning  the  use  of  Lithium 
Tantalate  for  channel  filters  •• 

-  LiTaOj  filters  provide  an  excellent 
alternative  to  the  use  of  mechanical  filters 

-  the  overall  dimensions  of  the  filters 
compare  favourably  with  those  of  comparable  mecha¬ 
nical  filters 

-  the  realization  of  LiTa03  resonators 
will  benefit  from  the  experience  and  technology 
acquired  with  quartz  resonators. 

-  At  present,  LiTaC>3  is  expensive  ;  its  cost 
will  fall  if  LiTa03  filters  are  shown  to  be  compatible 
and  competitive  with  the  filters  used  at  present  in 
this  domain. 
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1.2  GHz  TEMPERATURE-STABLE  SAW  OSCILLATOR 
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3011  Malibu  Canyon  Road 
Malibu,  California  90265 


Abstract 

An  experimental  1.2  GHz  SAW  delay-line  oscillator 
is  described  and  its  performance  critically  analyzed. 
The  key  element  of  the  oscillator  is  a  0.  1%  bandwidth 
SAW  delay-line  filter,  consisting  of  a  300  A  thick 
A1  transducer  pattern  containing  600  elements  each 
0.  7  pm  wide  on  a  temperature-stable,  rotated  y-cut 
quartz  platelet.  The  transducer  thin-film  pattern  is 
fabricated  by  10X  reduction  photolithography  using  pro¬ 
jection  printing  from  a  precision  reticle  mask  on  a 
laser  interferometer-controlled  photo  repeater.  The 
parabolic  frequency  variation  with  temperature  is 
centered  near  40°C  in  this  device;  this  40°  C  can 
be  positioned  over  a  wide  range  in  both  directions  by 
adjusting  the  crystal  cut  and  metal-film  thickness. 

The  noise  spectrum  close  to  the  carrier  is  presented 
and  compared  to  prediction.  Finally,  the  initial  fre¬ 
quency  drift  characteristics  of  the  oscillator  are 
described  and  mechanisms  for  the  variation  of  fre¬ 
quency  with  time  are  discussed. 
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Surface  Acoustic  Wave  (SAW),  Microwave  Oscillator 
Temperature  Stability.  Aging,  Projection  Lithography. 

Introduction 

The  development  of  microwave  SAW  oscillators  is 
currently  motivated  by  both  economic  and  performance 
considerations.  First,  the  high-frequency  operation 
above  1  GHz  using  planar,  narrow-band,  and 
temperature-stable  SAW  filters  promises  economic 
future  procurement,  in  part  due  to  the  reduced  need 
for  frequency  multipliers  and  their  attendant  complexity 
Second,  their  immunity  to  vibration1  permits  their 
use  in  several  applications  where  high  spectral  purity 
must  be  maintained  in  a  vibration -prone  environment. 

In  this  paper,  the  characteristics  of  an  experimental 
1. 2  GHz  SAW  oscillator  are  reported.  In  this  range, 
performance  based  on  the  low-frequency  analysis 
deviates  somewhat  from  predictions.  One  purpose  of 
this  paper  is  to  describe  the  measured  oscillator 
characteristics  in  the  areas  of  fabrication,  spectral 
purity,  and  temperature  sensitivity.  Some  prelimi¬ 
nary  measurements  on  aging  properties  of  the  SAW 
oscillator  and  their  relation  to  the  low-frequency 
bulk  crystal  devices  are  also  reported. 

Basic  Oscillator  Design 

The  experimental  evaluation  of  a  SAW  oscillator 
requires  some  degree  of  flexibility  so  that  the  effects 
of  the  individual  feedback  elements  may  be  ascertained 
unambiguously.  With  this  in  mind,  the  layout  of  the 
oscillator  feedback  loop,  shown  in  Figure  1,  has  been 
initially  organized  with  discrete  components  that  in¬ 
clude  the  SAW  filter,  amplifier,  external  delay,  and 
output  coupler.  A  stable  oscillator  produces  a  fre¬ 
quency  (0,  at  which  the  total  loop  phase  shift  6T  con¬ 
tains  an  integral  number  (n)  of  2ir  radians,  as  shown 
in  the  figure.  The  SAW  filter  design  follows  the  mode- 
selection  technique^  with  an  aperture  of  200  wavelengths 
and  a  mean  transducer  center-to-center  spacing  of  500 
wavelengths.  Each  of  the  two  transducers  contains  100 
electrode  pairs,  one  in  a  closed  array  and  one  in  a 
thinned-array  configuration  with  20  periods  in  each 
of  5  groups.  Blooming  sections  were  introduced  in  the 


Figure  1.  1.2  GHz  SAW  oscillator  schematic. 


second  transducer  as  a  means  of  effectively  reducing 
intra-transducer  reflections.  In  the  absence  of  propa¬ 
gation  loss,  this  transducer  configuration  results  in  a 
filter  group  delay  of  410  nsec.  The  resulting  SAW filter 
was  installed  in  a  standard  MIC  circuit  frame  and 
connected  to  the  50  fl  microstrip  lines  with  thermo¬ 
compression  bonded  1  mil  Au  wires.  The  package  was 
designed  in  such  a  way  that  the  bonding  wire  length 
provides  the  necessary  inductive  tuning  for  series  reso¬ 
nance  of  1 . 2  GHz.  In  addition  to  the  SAW  filter,  the 
experimental  oscillator  assembly,  shown  in  Figure  2, 
includes  a  hybrid  production  amplifier  (gain  -  23  dB, 
saturated  output  power  =  +13  dBm),  a  rigid  cable  sec¬ 
tion  for  external  delay,  and  a  commercial  10  dB 
coupler.  The  large  decoupling  simultaneously  mini¬ 
mizes  loop  loss  contributions,  which  raise  the  oscil¬ 
lator  noise  floor,  and  provides  for  increased  frequency 
stability  in  the  face  of  impedance  mismatch  variations. 

SAW  Filter 

The  SAW  filter  patterns,  described  above,  were 
fabricated  on  a  large  quartz  plate  of  38°  rotated,  Y-cut 
crystal  orientation.  Projection  printing*  from  a  10X 
reticle  produced  up  to  10  patterns  on  5  mm  x  10  mm 
centers  (see  Figure  3)  by  the  step-and- repeat  method 
with  lift-off  lithography.  The  A1  metallization  provides 
film  patterns  300  to  350  A  thick  each  containing  600 
electrodes  approximately  0.  7  pm  wide  and  526  pm 
long.  A  portion  of  one  such  pattern  is  shown  in 
Figure  4.  The  electrode  width,  slightly  wider  than 
the  desired  0.66  pm,  has  a  bearing  on  the  resulting 
filter  center  frequency  and  on  the  accuracy  with 
which  the  turnaround  temperature  T0  can  be  predicted. 
The  latter  aspect  is  treated  in  a  later  section  of 
this  paper. 

The  frequency  response  of  the  series-tuned  SAW 
filters  is  shown  in  Figure  5.  The  frequency  at  the 
minimum  insertion  loss  of  20  dB  corresponds  to  the 
oscillator  frequency  of  1.  187  GHz,  slightly  more  than 
1%  lower  than  the  design  frequency  of  1. 2  GHz.  By  far 
the  largest  contributor  to  this  error  is  the  velocity 
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Figure  3.  Multiple  SAW  filter  patterns  on  quartz 

substrate  by  10X  projection  lithography. 


slowing  caused  by  the  metallic  grating  structures; 
this  velocity  slowing  is  several  times  large:5  than 
that  predicted  from  perturbation  theory.  The  mea¬ 
sured  insertion  loss  is  consistent  with  a  propagation 
loss  of  6.  5  dB/psec  at  this  frequency.  Further  con¬ 
tributions  to  the  insertion  loss  result  from  a  thin-film 
ohmic  transducer  loss  that  corresponds  to  about  three 
times  the  bulk  resistivity  for  A1  and  to  the  distortion7 
in  the  closed  array  transducer  response  produced 
by  mass  loading.  The  predicted  transducer  responses 
do  not  coincide.  Their  relative  shift  is  due  to  the 
large  velocity  perturbation  that  was  also  responsible 
for  the  reduced  frequency,  discussed  above,  produc¬ 
ing  a  lesser  frequency  shift  in  the  thinned  array 
transducer.  Some  evidence  of  triple  transit  echo 
is  seen  in  the  rippled  slope  of  the  central  pass 
band.  The  largest  secondary  peak  near  1199  MHz 
(-11  aB  relative  to  the  central  response)  is  sufficiently 


Figure  5.  Frequency  response  of  1.2  GHz  SAW 
filter. 


low  to  preclude  measurable  contribution  in  the  oscil¬ 
lator  noise  spectrum;  it  is  also  consistent  with 
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predictions. 


Oscillator  Noise  Spectrum 


The  noise  characteristics  of  the  SAW  delay  line 
oscillator  have  been  amply  treated  in  the  literature. 
The  noise  spectral  density  may  be  defined  by  two  rele 
vant  parameters,  the  noise  floor 

A  kT  F  ,, , 

N>  ’  fw  • 

and  the  intercept  frequency 
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below  which  the  noise  spectrum  rises  at  a  20  dB/decade 
rate.  In  these  expressions,  A  and  F  are  the  amplifier 
power  gain  and  noise  figure,  respectively,  k  is  the 
Boltzman  constant,  T  the  ambient  temperature,  and  t„ 
is  the  group  delay  of  the  SAW  filter.  The  group  delay 
for  a  particular  filter  may  be  obtained  from  its  rela¬ 
tionship  to  the  phase  slope  near  the  filter  center  fre¬ 
quency,  given  by 
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A  network  analyzer  and  a  variable  frequency  or  sweep- 
signal  source  may  be  used  to  determine  d<j>/df. 

Using  the  parameters  shown  in  Table  I,  the 
predicted  noise  intercepts  and  the  experimental 
noise  spectral  density  are  plotted  in  Figure  6. 

The  experimental  data  was  measured  by  two  differ¬ 
ent  methods.  The  solid  curve  was  obtained  at  X- 
band  with  an  8-times  multiplier  on  a  standard 
Hughes  noise  test  set.  The  test  set  involves  a 
microwave  discriminator  using  a  stable  high-Q 
cavity  resonant  near  9.  6  GHz.  The  resulting  data 
was  normalized  to  1. 2  GHz  by  subtracting  18  dB 
(or  20  log  8),  where  zero  noise  contribution  from 
the  frequency  multiplier  was  presumed.  This 
curve  agrees  well  with  predictions  except  near  the 
noise  floor,  where  the  sensitivity  of  the  noise  test 
set  itself  is  measured  rather  than  the  oscillator 
noise  floor. 


Table  I.  Feedback  Loop  Parameters 


Amplifier  gain 

23  dB 

Noise  figure 

4  dB 

Loop  power 

+  10  dBm 

Group  delay 

0. 397  sec 

The  second  measurement  method  involves  two 
1.2  GHz  SAW  oscillators  with  approximately  equal 
parameters.  One  oscillator  is  phased  locked  (loop 
bandwidth  =  100  Hz)  to  the  second  one  by  introducing 
a  voltage -sensitive  phase-delay  element  in  its  feed¬ 
back  path.  The  two  oscillators  are  therefore  at 
the  same  frequency  but  in  phase  quadrature.  The 
resulting  noise  spectrum  is  measured  on  a  low- 
frequency  spectrum  analyzer,  and  the  results 
(dashed  curve)  are  plotted  under  the  assumption 
that  both  sources  contribute  equally.  Spectral 
noise  data  obtained  from  this  type  of  measurement 
may  be  in  error  at  low  offset  frequencies  unless 
adequate  isolation  exists  between  the  two  oscilla¬ 
tors  and  unless  the  bandwidth  of  the  phase -locked 
loop  is  smaller  than  the  lowest  offset  frequency 
noise  component  to  be  measured.  Thus,  at  offset 
frequencies  less  than  200  Hz,  the  phase-locked 
loop  noise  data  tends  to  bend  erroneously  over  and 
cross  the  predicted  20  dB/decade  line.  The  loop 
bandwidth  Is  currently  being  reduced  to  10  Hz  to 
improve  the  accuracy  of  low  offset  frequency 
measurements. 
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Figure  6.  1.2  GHz  SAW  oscillator  noise  spectrum. 


Turnaround  Temperature 

The  zero  temperature  coefficient  of  delay  (TCD) 
for  surface  acoustic  waves  on  the  free  surface  of 
X -propagation quartz  is  a  function  of  the  rotated 
Y-cut  angle  6.  In  addition,  the  presence  of  a  con¬ 
tinuous  A1  film  on  the  quartz  SAW  substrate  has  been 
shown  to  reduce  the  turnaround  temperature  T0  at 
which  the  zero  TCD  occurs. Recently,  the  effect 
of  a  periodic  metallic  transducer  grating  on  quartz 
has  been  theoretically  calculated  and  experimentally 
verified  for  the  case  of  continuous  grating  of  equal 
stripe-to-gap  ratio. 1 3  These  results  have  been 
used  to  compute  the  temperature  shift  AT0  as  a 
function  of  the  normalized  film  thickness  2xh/\  and 
fractional  metal  coverage  6,  typical  of  SAW  oscilla¬ 
tor  filter  patterns,  under  the  assumption  that  T0 
varies  linearly  with  8.  The  linear  dependence 
assumption  is  based  on  the  work  reported  in  Ref.  10. 
It  is  further  assumed  that  this  function  is  independ¬ 
ent  of  the  plate-normal  angle  8  over  the  range  32° 

<  8  <■  43°,  where  8  =  42.  75*  corresponds  to  the 
popular  ST-cut  orientation.  Computations  are  shown 
in  Figure  7  for  an  A1  film  on  X -propagating  quartz. 
For  typical  metal  coverage  found  in  SAW  oscillator 
filter  patterns,  the  reduction  in  T0  may  be  substan¬ 
tial  at  microwave  frequencies,  since  the  A1  film  can¬ 
not  reasonably  be  made  thinner.  These  curves  and 
those  from  Ref.  9  were  used  to  design  the  1. 2  GHz 
oscillator  with  a  T  slightly  above  room  tempera¬ 
ture.  If  T0  is  to  be  at  30°C,  for  example,  then, 
with  the  desired  film  thickness  (h  =  300  A)  and 
metal  coverage  (6  =  0.  24),  a  downward  shift  in  T0 
of  26°  C,  as  predicted  from  Figure  7,  would  require 
a  rotated  Y-cut  angle  8  =  38°. 
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Figure  7,  Effect  of  metal  coverage  on  turnaround 
temperature  T  . 

The  frequency  variation  with  temperature 
of  two  SAW  oscillators  and  one  SAW  filter  are 
shown  in  Figure  8,  all  of  which  have  the  38°  plate 
normal  orientation.  Although  the  SAW  devices  used 
in  the  oscillators  were  of  identical  design,  the  SAW 
filters  did  not  use  the  bloomed  anti-reflection 
gratings;  this  reduced  the  metal  coverage.  The 
T0's  of  the  two  oscillators  are  located  at  approxi¬ 
mately  18°C  and  31°C;  the  TQ  of  the  SAW  filter  is  at 
is  at  40° C.  The  results  from  these  and  from  several 
oscillators  of  somewhat  lower  frequencies  are  sum¬ 
marized  in  Table  IX.  Here,  TQ  refers  to  the  measured 
turnaround  point,  Tq{  to  that  of  the  free  surface,  and 
iTe  and  T{u  denote  the  measured  and  predicted 
temperature  shifts,  respectively. 


Table  □.  Turnaround  Temperature  versus 
Metal  Coverage! 


F  requency, 
MHz 

2whA 

6 

V 

°c 

— 

Tof 

-AT  , 
exp 

°C 

°c 

1200<2) 

0.05 

0.  16(0.241 

40 

56 

16 

9  (17) 

1200 

0.072 

0.  24(0.36) 

33 

56 

23 

26  (40) 

1200 

0.072 

0.24(0.36) 

20 

56 

36 

26  (40) 

1005<3> 

0.  06 

0.  20(0.29) 

33 

56 

23 

16  (22) 

1005 

0.06 

0.  20(0.  29) 

40 

56 

16 

16  (22) 

1005 

0.06 

0.20(0.29) 

35 

56 

19 

16  (22) 

^38°  rotated  Y-cut  quartz 
^Stripe  to  period  ratio  =  0,7 
^St ripe  to  period  ratio  =  0.6 

1 4) 

'  (  )  assumes  transducer  center -to- center  spacing. 


These  results  show  that  the  turnaround  points 
may  be  approximately  predicted,  but  that  some  scatter 
should  be  expected.  The  difference  in  TQ  between 
the  two  oscillators  probably  arises  from  variations 
in  the  stripe-to-gap  ratio,  which  is  difficult  to  measure 
accurately  in  these  fine  geometries. 

Frequency  Drift  with  Time 


The  aging  characteristics  of  SAW  oscillators 
have  received  relatively  little  attention.1 2,  1 3 Sub¬ 
stantial  similarity  appears  to  exist  between  SAW 
and  bulk  crystal  devices  insofar  as  aging  mechan¬ 
isms  are  concerned.  In  part,  this  similarity  arises 
from  the  materials  common  to  both  devices,  namely, 
the  quartz  crystal  plate  and  the  A1  thin-film  elec¬ 
trodes.  Important  aging  mechanisms  relevant  to 
both  SAW  and  bulk  devices  are  given  in  Table  HI. 

Table  III.  Acoustic  Oscillator 
Aging  Mechanisms 


EFFECT  OF  METAL  FILM  COVERAGE 


Figure  8.  SAW  oscillator  temperature  characteristic. 


Mechanism 

Activation  Energy,  «V 

Metal  film  surface  oxidation 

0.21 

Metal  film  stress  relief 

- 

Metal  film  substrate  adhesion 

- 

Diffusion  across  interface 

<3 

Substrate  defect  stress  relief 

- 

Contamination 

, 

Encapsulation-related  sires* 

Loss  of  hermeticity 

L - - - 

- 

For  the  most  part,  the  aging  rates  are  not  known. 

Our  observations  with  the  1.  Z  GHz  SAW  oscillator 
supports  the  premises  that  frequency  drift  resulting 
from  surface  oxidation  on  the  A1  film  is  quite  rapid 
(low  activation  energy)  and  that  the  initially  observed 
negative  aging  rate  during  the  "burn-in"  period  is 
directly  related  to  the  mass  increase  caused  by 
oxidation. 

The  initial  aging  rate  (frequency  drift)  of  one  of 
our  1.  Z  GHz  SAW  oscillator  was  monitored  continu- 
ouslv  for  more  than  80  hr  using  a  frequency-counter/ 
D/A-converter/chart-recorder  combination  (see 
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Figure  9).  Immediately  after  fabrication,  the  SAW 
device  used  in  this  test  was  assembled  (see  Figure  2) 
without  the  special  post-processing  commonly  fol¬ 
lowed  in  the  assembly  of  bulk  crystal  resonators. 

The  aging  rate  was  approximately  exponential  with  a 
logarithmic  decrement  of  about  9  hr,  which  is  in 
substantial  agreement  with  the  known  oxidation  rate 
for  AI7O3  film  growth.  5  The  total  frequency 
drift  during  the  observed  period  was  35  ppm. 


Figure  9.  "Burn  in"  characteristic  of  1.2  GHz  SAW 
oscillator. 


ambient  atmosphere.1^  The  low  activation  energy 
of  this  process  (Ea  =  0.  21  eV)  precludes  long-term 
effects  (i.  e.  ,  longer  than  about  30  days)  at  room 
temperature.  Several  pre-aging  processing  tech¬ 
niques  practiced  in  bulk  crystal  technology  may  be 
used  to  reduce  this  aging  mechanism  (and  others 
listed  in  Table  III)  and  thereby  increase  long-term 
stability  in  high-frequency  SAW  oscillators.  ° 

Summary  and  Conclusions 

The  characteristics  of  an  experimental  1.2  GHz 
SAW  oscillator,  described  in  this  paper,  are  sum¬ 
marized  in  Table  IV.  Modular  construction  was 
used  so  that  the  individual  components  of  the  feed¬ 
back  loop  could jte  separately  evaluated  and  easily 
interchanged.  Projection  lithography  (10X)  yields 
the  excellent  definition  in  0.7  m  electrode  geom¬ 
etry  that  is  required  for  this  frequency  range.  In 
spite  of  the  larger  than  anticipated  effects  of  the  metal 
film  on  frequency ,  the  result  of  velocity  slowing,  a 
20  dB  device  insertion  loss  was  obtained  with  a  3  dB 
bandwidth  of  0.  08%.  The  insertion  loss  of  the  largest 
side  lobe  in  the  frequency  response  is  1 1  dB  higher. 
Good  agreement  is  obtained  between  the  measured  noise 
spectrum  and  the  theoretical  prediction;  the  predic¬ 
tion  is  characterized  by  an  intercept  point  offset 
0.4  MHz  from  the  oscillator  frequency  and  a  frequency- 
independent  noise  floor  of  -157  dBm. 

Table  IV.  Characteristics  of  the  1.2  GHz 
SAW  Oscillator'1’ 


The  effect  of  a  mass  increase  on  frequency 
change  resulting  from  surface  oxidation  may  be  esti¬ 
mated  from  perturbation  theory ,6  as  shown  in 
Figure  10.  The  estimation  is  made  under  the  assump¬ 
tion  that  the  observed  frequency  shift  (velocity  slow¬ 
ing)  is  due  to  the  increased  average  mass  of  the  oxi¬ 
dized  film.  The  mean  density  p  of  the  oxidized  film 
is  larger  than  the  A1  film  of  thickness  h(p  =  2.  7  gm/ 
cm3)  because  of  the  higher  density  of  the  AlpOj  sur¬ 
face  layer  of  thicknessAh(p  =  3.  96  gm/cm3  ).  If  one 
assumes  that  the  velocity  slowing  varies  as  p®-  3  the 
expected  fractional  frequency  change  is  given  by 


Af 

f 

o 


4.6  x  10 


-4  Ah 
h 


(4) 

5331-26 


(p  -  jm/cm3) 


Figure  10.  Oxidized  Al— film  on  quartz  substrate. 

Therefore,  a  10%  change  in  oxidized  film  thickness 
(-30  A)  would  lead  to  a  downward  frequency  drift  of 
46  ppm.  The  observed  frequency  drift  during  the 
80  hr  period  has  the  correct  sign  and  falls  well 
within  the  range  of  both  the  magnitude  and  formation 
rate  known  for  the  oxidation  of  Al  films  exposed  to 


i 


F  requency 

1  1.  187  GHz 

Circulating  power 

+ 10  dBm 

Power  output  (10  dB  coupler) 

+0.  3  dBm 

Temperature  sensitivity  at  Zb°C 

8  x  10‘7/°C 

Temperature  sensitivity 

-31  x  10“9 
(T-  JO^  (°C)2 

Frequency  stability 

10'5  <  t  <  10  ,ZC 

<  ltf9 

Filter  insertion  loss 

Single- sideband  noise  power  pe 
Hz  at  0, 1 5  MHz 

rotated  Y-cut  quartz 


Z0  dB 

-148  dBc  (-157  dBc) 
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The  effects  of  mass  loading  on  TQ,  the  zero  tem¬ 
perature  coefficient  turn-around  temperature,  were 
discussed.  Temperature  stability  near  30°C  was 
achieved  by  properly  choosing  the  rotated  Y-cut  angle 
(6  =  38°)  so  as  to  offset  the  downward  shift  in  T0  due 
to  the  metal  film.  Finally,  one  of  the  aging  mechan¬ 
isms,  Al-film  surface  oxidation  was  observed  and  its 
effect  on  long  term  stability  analyzed. 

During  this  study,  no  fundamental  problems  were 
encountered  that  would  preclude  the  extension  to  higher 
microwave  frequencies.  The  use  of  the  space  har¬ 
monic  transducers  with  the  0.7  pm  electrode  geom¬ 
etry  could  readily  extend  the  frequency  to  1.8  GHz, 
including  a  moderate  decrease  in  the  effective  oscil¬ 
lator  Q.  Further  increases  in  the  frequency  of 
microwave  SAW  oscillators  are  possible  through  high- 
resolution  electron-beam  fabrication17  and  the 
employment  of  a  new  mode  of  propagation  using 
surface- skimming  bulk  waves.'® 
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TUNING  QUARTZ  SAW  RESONATORS  BY  OPENING  SHORTED  REFLECTORS 


Ronald  C.  Rosenfeld,  Thomas  F.  O'Shea,  &  Steven  H.  Arneson 
Motorola,  Inc.  communications  Division 
Schaumburg,  Illinois  60196 


ABSTRACT .  High  Q  surface-acoustic-wave  (.SAW)  resonators,  like  bulk-wave  resonators, 
must  be  tuned  to  precise  resonant  frequencies.  At  VHF  and  UHF  the  required  tuning  accuracy 
may  be  a  few  parts  per  million.  One  technique  for  tuning  SAW  resonators  is  to  fabricate  the 
resonators  with  reflector  strips  that  are  shorted  at  both  ends  and  then  to  open  the  reflectors 
with  a  laser  until  the  desired  frequency  is  reached.  The  frequency  shift  is  caused  by  the 
surface-wave  velocity  difference  under  shorted  and  floating  reflectors.  In  this  paper,  experi¬ 
mental  data  is  presented  for  the  tuning  of  single-pole,  155  MHz,  aluminum  on  ST-quartz  resona¬ 
tors  and  a  concise  theoretical  expression  is  developed  that  accurately  models  the  frequency 
shift.  The  effects  of  tuning  on  transverse  ’-’odes  for  a  single  and  two  pole  resonator  are 
discussed  as  well  as  the  effects  of  tuning  on  the  series  resistance  of  a  single  pole 
resonator. 


Introduction 


Resonator  Geometry 

Single-pole  surface-acoustic-wave  (SAW) 
resonators  consist  of  two  sets  of  periodic 
reflector  arrays  that  form  a  resonant  cavity 
with  a  thin-film  interdigital  transducer  that 
couples  energy  to  the  cavity  as  shown  in 
Figure  1.  The  reflectors  are  commonly  formed 
by  grooves  in  the  substrate  or  aluminum 
strips  on  the  substrate.  Grooved-reflector 
resonators  have  demonstrated  the  highest  Q 
while  aluminum-reflector  resonators  are 
simpler  to  fabricate  since  the  reflectors 
and  transducer  are  fabricated  in  the  same 
processing  steps.  Also,  metalized-ref lector 
resonators  are  easily  tuned  by  the  technique 
discussed  here. 


RESONATOR  TUNING 
BY  OPENING  SHORTEO  REFLECTORS 

RESONATOR  GEOMETRY: 


FIGURE  1 


EQUIVALENT  CIRCUIT: 


FIGURE  2 


Marshall1  demonstrated  a  300  ppm  shift  between 
completely  shorted  and  completely  opened  re¬ 
flectors  on  ST-quartz  substrates.  In  the 
following  discussion,  the  frequency  shift  will 
be  examined  for  partially  opened  reflector 
arrays  and  a  useful  theoretical  model  will  be 
derived. 

Theoretical  Analysis 

Model 


The  frequency  shift  is  calculated  by 
modeling  the  opened  and  shorted  reflector 
arrays  as  two-port  junctions  using  scattering 
parameters,  joining  the  junctions  to  form  a 
resonator  circuit,  and  then  deriving  the 
frequency  shift  as  a  function  of  geometry, 
acoustic  impedance  mismatch,  velocity  change 
and  number  of  opened  and  shorted  reflectors. 

The  resonator  circuit  is  shown  in  Figure  2 
where  junctions  A  and  B  represent  the  opened 
and  shorted  sections  of  one  array,  B  represents 
the  other  reflector  array,  and  the  cavity  is 
represented  by  a  transmission  line  of  length 
L.  The  scattering  coefficients  for  each  re¬ 
flector  array  are  calculated  from  Sittig  and 
Coquin2.  Approximate  expressions  for  magni¬ 
tude  and  phase  of  reflections  from  the  combin¬ 
ed  reflector  array  are  derived  which  are 
valid  under  the  constraints  that  acoustic 
impedance  mismatch,  opened  and  shorted  veloc¬ 
ity  difference,  and  frequency  shifts  are 
small .  The  effect  of  a  transducer  in  the 
cavity  can  be  ignored  since  the  transducer 
characteristics  do  not  change  significantly 
over  small  frequency  shifts. 


Cavity  Resonant  Frequency 


Tuning 

If  aluminum  reflectors  are  shorted  at 
the  ends,  as  shown  in  Figure  1,  the  resonant 
frequency  can  be  easily  adjusted  by  opening 
the  reflectors  with  a  scribe  or  laser.  The 
frequency  shifts  upward  because  the  surface 
wave  velocity  is  higher  under  the  opened 
reflectors  than  under  the  shorted  reflectors. 


In  resonators,  resonance  occurs  when  the 
round-trip  wave  propagation  phase  adds  con¬ 
structively.  Thus,  for  the  cavity  in  Figure 
2,  the  resonant  phase  condition  is 

— 2kL  +  $  +  *  — 2tt  m  (1) 

where  $  and  ^  are  the  phase  of  the  reflection 
coefficients,  r  -  rce^,  r  •  roeJV,  k  *  2irf/v0, 
and  L=nAQ/2.  The  "barred"  terms  refer  to  the 
left  reflector  array.  Throughout  this  analysis 
it  will  be  assumed  that  resonance  or  a  cavity 
formed  by  completely  shorted  reflectors  occurs 
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Equation  (.5)  can  be  used  to  eliminate  A22 
from  Equation  C4) . 


at  the  center  frequency  f0  of  the  reflector 
arrays  with  wavelength  Ao ,  that  the  reflec¬ 
tion  phase  ^  of  a  shorted  array  is  zero 
(or  a  multiple  of  2ir )  at  resonance,  and  that 
the  velocity  vQ  in  the  cavity  and  shorted 
reflectors  are  equal  so  that  n  =  m  in  the 
above  equation.  These  assumptions  affect 
only  the  absolute  resonant  frequency,  not 
the  frequency  shift  to  be  calculated  here. 

It  will  be  shown  later  that  the  reflec¬ 
tion  coefficient  phases  can  be  expressed  as 


♦  (f)  =  <t>jAf/f0  +  P  2  Av/ve 
♦"(f)  =  <Fj  Af/fc  +  ?2  Av/v0 


(2) 


where  Af  *  f  -  fQ,  Av  =  v  -  Vg,  with  f  being 
the  new  resonant  frequency  ana  vQ  the  veloc¬ 
ity  under  the  opened  reflectors.  4> 2  and  <t>  2 
are  functions  of  the  reflector  array  geometry 
and  acoustic  impedance  mismatch.  Substitut¬ 
ing  Equation  (2)  into  Equation  (1)  leads  to 
an  explicit  expression  for  resonant  frequency 
shift  due  to  the  opened  reflectors. 


Af  _  p  ,  Av/Vq  +  $  jAy/Vp 
fo  2irn  -  <J>  j  -  ^ 


Reflection  From  Two  Cascaded  Arrays 

The  new  reflection  coefficient  of  two 
cascaded  arrays  is  calculated  from  the  re¬ 
flection  and  transmission  coefficients  of 
the  shorted  "B"  array  and  opened  "A"  array 
shown  in  Figure  (3) . 


Aj  2  can  also  be  removed  from  Equation  (4) 
by  using  the  following  phase  and  amplitude 
relations  resulting  from  conservation  of 
energy  in  lossless  reciprocal  two-port 
junctions3 


n  =  “n  +a2i±lr 

2 

(6) 

IA22I2  +  1  A]  2I  2=  1 

(7) 

Substituting  Equation  (5b)  into  Equation  (6) 
gives  the  phase  of  the  transmission  coeffi¬ 
cient  in  terms  of  the  phase  of  the  reflection 
coefficient 


a 


i  2 


it  Af 


(8) 


With  these  relations  the  expression  for  the 
cascaded  reflection  coefficient.  Equation  (4), 
becomes 


Aj  je^01  i  i  [l  +  (B11/A11)ej(aii+Bn'irAf/fo)] 
1  +  AnBnei(ol“  +  &»•»  -  *Af/f0> 


(9) 


where  the  absolute  value  signs  have  been 
dropped  for  convenience. 


REFLECTION  COEFFICIENT  OF 
TWO  CASCADED  ARRAYS 

'*000 

FIGURE  3 


Close  to  resonant  frequency  where  small 
angle  aoproximations  of  sin  x»x  and 
cos  x  si  are  valid,  the  magnitude  and  phase 
of  Equation  (9)  become 


r  Bn 

Laii  +  Bu 


A1 1B1 1  1 

1  +  J 


The  new  cascaded  reflection  coefficient  is 


An  +  A 


1  2  1 


1  -  All8!. 


=  r0ej4 


(4) 


where 


A,,  ”  *|A,,|ejBli 
A,  2  -  ±|Aj  2|eiai  j 


•  (an  +  Bjj  -  wAf  )  (10) 

*o 


r  =  (id 

1  +  A, ,B,, 


The  next  step  is  to  derive  the  magnitude 
and  phase  of  the  single  A  and  B  arrays  to  use 
in  these  cascaded  array  equations. 
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1 1 


±l»1i  |eJ®n 


Shorted  Array  B 


From  array  symmetry  and  the  particular 
choice  of  reference  lines  in  Figure  (3) , 


1*21 1  -  |A22|  and  (5a) 


Appr  ximations  for  the  reflection  phase 
and  amplitude  of  a  single  array  can  be  derived 
from  reference  2  as  was  done  in  reference  4. 

If  the  impedance  mismatch  ratio  in  shorted 
array  B  is  Zb  «  z&  /  z^  where  zjj  and  zt 


r 


are  impedances  o£  the  line  and  gap,  respec¬ 
tively,  nb  =  number  of  reflector  sections, 
and  the  line  and  gap  transmission  length  are 
equal,  the  amplitude  of  the  reflection  co¬ 
efficient  is2 

zb2nb  -  1 


B, 


Zb 


2nb 


+  1 


(.12) 


and  the  phase  of  the  reflection  coefficient 
can  be  shown  to  be 


2  "  2  (zb  2  +  1) 


4  zb 


(zb  +  1)  “  (zb  +  1) 


S  Cnb,  zb) 


if 


where 


and 


„h)  =  sinh[cnb  -  1 )  Zb 


zb 


sinh(nb  zb' ' 

'  2b  -  1 
V^b 


Por  small  impedance  mismatches  (zb»l) 
Equation  (13)  reduces  to 
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7T_  _ TT _ 

2  T  ■  S  (nb ,  zb) 


if 

T 


(14) 


The  tt/2  in  Equation  (14)  arises  from  the 
choice  of  reference  plane  at  the  edge  of  the 
reflector  line.  Equations  (13)  and  (14)  are 
similar  to  equations  in  reference  4  except 
here  the  sign  of  the  reflection  coefficient 
is  explicit  in  the  amplitude  term  instead  of 
the  phase  term,  and  small  if  approximations 
are  assumed. 


Combined  Arrays 

Substitution  of  Equations  (12),  (14), 
(15)  and  (16)  into  Equations  (10)  and  (11) 
gives  the  expressions  for  phase  and  ampli¬ 
tude  of  the  cascaded  opened  and  shorted 
arrays 
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The  factors  in  Equation  (17)  involving 
the  amplitude  terms  can  be  simplified  if 
z, a z^  and  the  total  reflection  amplitude 
|r0|s;l,  as  is  true  for  the  resonators  dis¬ 
cussed  here.  With  these  approximations. 
Equation  (17)  becomes 
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Opened  Array  A 

The  reflection  coefficient  amplitude  of 
the  opened  array  A  is  similar  to  Equation  (12) 

a  =  za2na  -  1 

za2na  +i  (15) 

where  za  =  za2/zaj  and  na  is  the  number  of 
opened  strips.  Note  that  za  may  not  equal 
zb  if  the  impedance  ratios  are  different  for 
opened  and  shorted  reflectors  as  they  are  for 
the  quartz  resonators  discussed  later. 

The  expression  for  the  phase  of  opened 
array  A  is  similar  to  Equation  (14)  except 
that  the  center  frequency  of  array  A  does 
not  occur  at  f  ,  but  due  to  the  velocity 
shift  through  the  opened  array  (Av  =  v  -  v0) , 
the  center  frequency  is  given  by  f0'  = 
f0(l  +  Av/v0  ) .  Thus,  the  phase  of  the 
opened  array  A  for  small  Av/v0  becomes 

fir  t  1  .  /  Af  Av  ^ 

[2  ‘  1  -  sTnaVzTTj  \f0"v0/  (16) 


where  N  =  na  +  nb.  Note  that  if,,  the  phase 
term  accounting  for  propagation  distance  to 
the  effective  center-of-ref lection  within 
the  array  and  back,  is  now  a  constant  inde¬ 
pendent  of  the  number  of  opened  and  shorted 
reflector  strips.  This  is  not  valid  if  the 
impedance  discontinuity  changes  significantly 
as  the  reflectors  are  opened  since,  in  that 
case,  the  effective  center-of-ref lection 
changes . 

The  frequency  shift  of  a  resonator  having 
one  cascaded  reflector  array  characterized  by 
Equation  (19)  and  the  other  reflector  array 
characterized  by  similar  expressions  is  then 
given  by  Equation  (3),  repeated  here. 


Af  $  2  Av/v0  +  Av/v 

£  “  - - - - - — — 2. 

°  2ir  n  -  ♦j  -  ♦  j  (20) 


Equation  (20)  is  compared  with  experimental 
data  in  the  next  section  of  this  paper. 
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Experimental  Data 
Series  Resonance  Shift 

The  155.782  MHz  SAW  resonators  used  in 
this  work  were  fabricated  of  aluminum  on  ST 
quartz.  The  resonators  had  a  cavity  size  of 
41.5  wavelengths  which  contained  a  40  split- 
finger  pair  transducer.  The  aluminum  thick¬ 
ness  of  the  reflectors  was  30008.  The  re¬ 
sonator  was  placed  in  a  balanced  hybrid 
circuit  and  the  minimum  loss  resonant  fre¬ 
quency  was  monitored  on  a  spectrum  analyzer 
together  with  a  frequency  counter  as  the 
reflector  arrays  were  opened  using  a  zenon 
laser. 

Figure  4  shows  a  plot  of  the  shift  in 
series  resonance  frequency  in  parts  per 
million  against  the  number  of  reflectors 
opened  in  the  first  array.  Here  za  and  zb 
are  the  line  to  gap  acoustic  impedance 
ratios  for  the  opened  and  shorted  reflector 
sections.  The  change  in  velocity  from  the 
opened  to  shorted  sections  Av/v0  was  extracted 
from  the  work  of  Marefield  and  Tournois*. 

The  theoretical  curve  followed  experimental 
data  to  within  measurement  tolerance.  The 
shift  due  to  entirely  opening  the  first  re¬ 
flector  array  was  SO  ppm. 


NUMBER  Of  REf  LECTORS  OPENED 

FIGURE  S 


Both  the  theoretical  and  experimental 
work  show  that  the  series  resonance  frequency 
changed  most  rapidly  when  the  reflectors 
close  to  the  cavity  are  opened.  Figure  6 
plots  the  resonance  frequency  shift  against 
number  of  fingers  open  per  side;  in  this  case 
there  was  symmetry  about  the  cavity  center  as 
to  the  number  of  fingers  opened  and  shorted. 
Here  the  data  again  fit  well  to  the  theoreti¬ 
cal  until  there  were  some  150  reflectors 
opened  per  side,,  at  which  point  the  data 
again  began  to  pull  away  from  the  theoreti¬ 
cal  curve  because  of  transverse  mode  inter¬ 
ference  . 
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FIGURE  4 
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FIGURE  6 


Figure  5  is  a  plot  of  resonance  shift 
achieved  by  opening  the  fingers  of  the 
second  array  where  array  one  is  already 
entirely  open.  The  average  observed  shift 
due  to  opening  both  gratings  was  180  ppm.  In 
this  plot  the  experimental  data  fit  reason¬ 
ably  well  for  two  out  of  three  resonators 
shown  but  there  was  a  significant  deviation 
for  the  third  device.  In  this  resonator  the 
transverse  modes  began  to  interfere  with  the 
main  mode  -  this  effect  has  been  correlated 
with  spectrum  analyzer  photographs  taken 
during  tuning  and  will  be  discussed  in  more 
detail  later. 


Transverse  Modes 

Figure  11  is  a  series  of  spectrum  analyzer 
photographs  illustrating  at  progressive 
intervals  the  interference  of  transverse  modes 
with  the  main  resonance  mode  during  the 
operation  of  laser  scribing.  The  transducer 
in  the  cavity  of  this  resonator  was  a  40 
wavelength  uniform  overlap  split-finger  type, 
which, because  of  its  strong  coupling  to  the 
transverse  mode,  made  it  a  good  candidate  for 
observing  these  modes.  As  tuning  progressed, 
the  main  mode  moved  up  towards  the  transverse 
modes.  The  transverse  modes  remained  rela¬ 
tively  fixed,  but  began  to  shift  slightly 
when  the  main  mode  closely  approached  them. 
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At  this  time  we  also  began  to  see  the  devia¬ 
tion  in  resonance  frequency  from  the  theore¬ 
tical  curve  as  was  noted  earlier. 

It  appeared  in  part  4  of  Figure  11  that 
the  first  transverse  mode  dominated  resonance 
after  some  300  fingers  were  opened  which  was 
in  agreement  with  what  Staples7  observed  in 
1975.  The  last  insert  of  Figure  7  shows  the 
heightened  transverse  mode  activity  charac¬ 
teristic  of  entirely  open  aluminum  reflector 
arrays . 
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Two  Pole  Resonator 


A  two  pole  resonator  whose  center  re¬ 
flector  had  150  elements  and  outer  reflectors 
had  300  elements  was  fabricated  with  shorted 
reflector  arrays  throughout.  The  configura¬ 
tion  of  this  aluminum  on  ST  quartz,  155  MHz, 
two  pole  resonator  is  shown  at  the  top  of 
Figure  12.  Also  shown  here  are  spectrum 
analyzer  photographs  of  this  resonator  in 
the  50  ohm  system  before  impedance  matching. 
This  figure  shows  the  resonator  at  progressive 
intervals  of  laser  tuning.  The  average  shift 
in  resonant  frequency,  as  defined  at  top  of 
this  figure,  was  noted  after  each  interval. 
Photograph  1  (entirely  shorted  reflector 
arrays)  shows  the  characteristic  two  peaked 
response  for  the  over-coupled  two-pole 
resonator  and  also  exhibits  a  number  of  trans¬ 
verse  modes.  Both  cavity  transducers  were 
unapodized.  After  opening  all  reflector 
arrays  a  shift  of  208  ppm  was  observed  which 
was  approximately  20%  higher  than  what  was 
predicted  by  a  full  two  pole  resonator 
model  including  transducer  effects. 

This  part  of  the  experimental  work  also 
proved  out  another  advantage  to  this  type  of 
tuning.  The  two  pole  resonator  here  was 
mounted  in  a  completely  sealed  package  having 
a  glass  lid.  A  zenon  laser  was  then 
focused  through  this  lid  to  open  the  metal 
reflector  elements,  thereby  correcting  for 
frequency  shifts  caused  by  package  sealing. 


Resonator  Series  Resistance 


Since  the  impedance  mismatch  of  the 
opened  reflectors  is  less  than  that  of  the 
shorted  reflectors,  the  magnitude  of  the 
reflection  coefficient  will  decrease  as  the 
array  is  opened.  Consequently,  the  resonator 
characteristics,  as  described  by  its  equiva¬ 
lent  circuit  (reference  5),  will  vary.  For 
example,  the  decrease  in  r,  given  by  Equation 
(18),  increases  series  resistance  R, .  The 
series  resistance  for  a  resonator  with 
identical  reflectors5  is 


R 


i 


i  -  [r | 
+  |  r  | 


(21) 


where  Ra  is  the  acoustic  radiation  resistance 
of  the  isolated  transducer.  Following  the 
same  procedure  described  in  reference  5,  it 
can  be  shown  that  if  the  reflectors  are  not 
identical  such  that  r  /  F,  the  series  re- 


The  change  in  series  resistance  as  measured 
by  changes  in  insertion  loss  were  plotted 
for  both  the  theoretical  case  and  for  experi¬ 
mental  units  in  Figure  7 .  The  vertical  axis 
gives  series  resistance  in  ohms  and  the 
horizontal  axis  again  indicates  the  number 
of  strips  opened  by  zenon  laser. 


SERIES  RESISTANCE 


REFLECTORS  OPEN  —  FIRST  ARRAT 

FIGURE  7 


The  experimental  data  fit  was  quite  good 
until  the  last  part  of  the  array  was  opened. 
At  this  point  the  attenuation  of  the  wave 
through  the  reflectors  diminished  the  change 
in  reflection  coefficient  resulting  from 
opening  a  reflector  short  in  this  part  of 
the  array.  Note  that  the  slope  of  the 
theoretical  resistance  curve  in  Figure  7 
increased  slightly  as  the  reflector  array 
was  opened  from  the  cavity  side,  while  the 
slope  of  the  resonant  frequency  shift  de¬ 
creased  as  can  be  seen  in  Figures  4-6. 

The  resonant  frequency  depends  on  the  phase 
of  the  reflection  coefficient  for  the  com¬ 
bined  opened  and  shorted  arrays.  Since  the 
rate  of  the  phase  shift  diminishes  as  re¬ 
flectors  are  opened  further  from  the  cavity 
end  of  the  array,  the  rate  of  the  frequency 
shift  also  diminishes  and  approaches  the 
asymptotic  limit  of  a  completely  open  array. 
However,  as  shown  in  Equation  (22),  the 
series  resistance  depends  only  on  the  magni¬ 
tude  of  the  reflection  coefficient,  not  on 
the  phase.  Since  the  opened  reflectors 
have  a  slightly  smaller  impedance  discontin¬ 
uity  than  the  shorted  reflectors,  the  reflec¬ 
tion  coefficient  decreases  and  consequently 
Rj  increases  as  the  array  is  opened.  But 
opening  a  reflector  on  the  cavity  side  of 
the  array  has  approximately  the  same  effect 
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on  the  magnitude  of  the  reflection  coeffi¬ 
cient  as  opening  a  reflector  on  the  far  side 
of  the  array,  so  the  series  resistance  curve 
is  approximately  linear.  The  fact  that 
there  is  a  slight  increase  in  slope  is  due 
to  the  reduced  total  reflection  coefficient 
of  the  opened  reflectors  which  increases  the 
effect  of  opening  the  remaining  shorted 
reflectors. 


Oscillator  Measurements 

All  previous  measurements  were  made 
using  a  spectrum  analyzer  together  with 
frequency  counter.  This  set  up  was  useful 
because  it  gave  not  only  series  resonant 
frequency  as  measured  by  minimum  loss  point, 
but  also  showed  the  effects  of  transverse 
modes  on  main  mode  during  tuning.  It  also 
allowed  for  measurement  of  Ri  by  the  change 
in  insertion  loss.  This  section  gives  data 
for  the  shift  in  oscillator  frequency  of  an 
oscillator  network  controlled  by  a  SAW 
undergoing  laser  tuninq. 

Figure  8  shows  the  oscillator  circuit 
used  here.  Figure  9  is  a  plot  of  oscillator 
frequency  shift  as  noted  on  a  frequency 
counter  against  number  of  fingers  opened  in 
the  first  reflector  array.  Here  we  found 
the  data  from  the  experimental  units  fell 
significantly  above  the  theoretical  curve. 


The  reason  for  that  was  that  the  theoretical 
curve  gives  the  true  series  resonance  as 
measured  by  minimum  loss  point,  whereas 
oscillator  frequency  is  not  only  determined 
by  shift  in  resonant  frequency  of  the  re¬ 
sonator,  but  also  by  changes  in  the  phase 
slope  of  the  resonator  due  to  reduced  re¬ 
flection  coefficient  which  is  not  included 
in  the  theoretical  curve. 


Fabrication  Tolerances 

A  batch  of  fifty  resonators  fabricated 
from  ten  different  wafers  were  measured  in 
the  course  of  these  laser  tuning  experiments. 
The  standard  deviation  of  the  resonant  fre¬ 
quencies  of  these  devices  is  tabulated  in 
Figure  10.  The  average  standard  deviation 
for  the  devices  row  to  row  was  significantly 
smaller  than  the  average  standard  deviation 
of  wafer  to  wafer  changes.  This  fact  alone 
indicated  some  substantial  contribution  to 
fabrication  tolerances  resulting  from  the 
photomask  fabrication  effects.  But  this  data 
does  point  out  that  it  will  be  possible  to 
adjust  for  approximately  50%  of  the  total 
fabrication  related  shifts  in  resonance  fre¬ 
quency  by  laser  burning  of  shorted  metal 
reflector  arrays. 
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Conclusions 


An  accurate  useful  model  has  been  de¬ 
veloped  for  the  frequency  shift  and  series 
resistance  change  as  the  elements  of  a  shorted 
metal  reflector  array  are  opened.  Experi¬ 
mental  data  has  been  presented  demonstrating 
an  overall  resonance  shift  of  180  ppm  for 
completely  open  to  completely  shorted  array. 
The  series  resistance  was  shown  to  increase 
by  121  for  single  pole  resonators  having  one 
array  entirely  open.  It  has  been  demon¬ 
strated  that  it  is  practical  to  use  a  laser 
to  accomplish  this  tuning  on  active  one  pole 
and  two  pole  resonators  and  resonators  in 
oscillator  circuits,  it  has  also  been  shown 
that  resonators  can  be  tuned  In  Situ  by 
focusing  a  laser  through  a  glass  covered 
package,  thereby  also  correcting  for  fre¬ 
quency  shifts  caused  by  sealing.  Furthermore, 
the  affects  of  tuning  on  transverse  mode 
spectra  were  observed  which  suggests  that 


tuning  method  could  be  used  in  the  study  of 
transverse  modes  in  SAW  resonators. 
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Abstract 


A  SAW  resonator  device  Is  demonstrated  such  that 
3  dB  fractional  bandwldths  of  .1%  to  .05%  can  be 
achieved  In  the  same  device  prior  to  Implementation  of 
Input/output  matching  networks.  Such  matching  networks 
have  a  deleterious  effect  on  shape  factor  and  out-of- 
band  rejection.  The  technique  used  is  one  in  which  two 
or  more  resonant  SAW  cavities  are  acoustically  coupled 
in-line  with  reflectors  between  cavities  controlling 
the  degree  of  coupling.  If  the  coupling  reflectors  are 
formed  as  large  Interdigital  transducers,  then  the  de¬ 
gree  of  coupling  and  consequent  degeneracy  splitting 
may  be  controlled  by  loading  the  coupling  reflector/ 
transducer  with  a  suitable  impedance.  Input/output 
transducers  can  then  be  matched  for  the  bandwidth  and 
characteristic  Impedance  of  the  coupled  system,  re¬ 
ducing  mid-band  distortion  and  optimizing  spurious  sup¬ 
pression  and  low  shape  factor.  Forming  end  reflectors 
as  extended  transducers  and  properly  loading  these  al¬ 
lows  for  additional  degrees  of  freedom  in  tuning  band¬ 
width  and  center  frequency.  Electrically  cascading  two 
or  more  such  "monolithic"  SAW  crystal  filters  provides 
additional  spurious  rejection.  Thus,  it  is  shown  that 
a  variable  bandwidth/frequency  tunable  monolithic  SAW 
resonator  is  feasible. 


Summary 

A  SAW  resonator,  fabricated  on  ST-quartz,  using 
metalization  loading,  is  shown  to  possess  variable  band' 
width  and  center  frequency  capability  at  the  post- 
fabrication  stage  of  manufacturing.  By  designing  the 
reflector  as  an  interdlgital  transducer  (IDT)  with  many 
finger  pairs,  it  may  be  loaded  by  a  reactive  or  resis¬ 
tive  element.1  The  electrical  phase  and  magnitude  of 
the  resulting  composite  has  a  highly  variable  effect  on 
the  phase  and  magnitude  of  reflected  surface  acoustic 
waves  Incident  on  the  reflector  structure.  In  a  reson¬ 
ant  cavity  structure,  this  results  in  a  dramatic  change 
in  the  frequencies  of  cavity  modes— enabling  one  to 
control  the  separation  of  resonance  frequencies  and, 
hence,  the  filter  bandwidths.  For  the  same  reasons, 
but  to  a  somewhat  lesser  extent,  the  center  frequency 
can  be  tuned.  The  use  of  such  variable  reflectors  In 
multi-pole,  SAW  resonator  filters  results,  effectively, 
in  a  SAW  equivalent  of  the  monolithic  crystal  filter 
with  post-fabrication  frequency  and  bandwidth  external 
tunablllty-the  tunable  monolithic  SAW  crystal  filter. 
Two-pole  and  three-pole  filter  examples  will  be  demon¬ 
strated. 


z  m  (coL)2  R  +  jit)LR(l  -  u2LC) 
R2  (1  -  0)2LC)2  +  (a*)2 


where  R  -  acoustic  radiation  resistance  of  large  re¬ 
flecting  IDT,  C  =  static  capacitance,  and  L  =  variable 
shunt  inductance. 


(d) 


Figure  1.  Various  device  configurations  dis¬ 
cussed  in  text. 

(a)  Transmission  through  a  tunable  reflector  Rc. 

(b)  Transmission  between  an  external  IDT  and 
one  located  in  a  cavity  formed  by  two  re¬ 
flectors  -  R-,  which  is  tunable,  and  R, 
which  may  also  be  tuned,  if  desired. 

(c)  Two-pole,  two-port  resonator. 

(d)  Three-pole,  two-port  resonator. 


The  Tunable  Reflector 

Figure  la  is  a  schematic  representation  of  trans¬ 
mission  between  two  wideband,  SAW  probe  IDT's  through 
a  reflector  fabricated  as  a  large  IDT  with  many  finger 
pairs  to  which  has  been  connected  a  shunt  Inductor.  We 
may  specify  a  simple  equivalent  circuit.  For  this  re- 
actively-loaded  transducer  (Figure  2),  and  write  down 
Its  electrical  Impedance  Z  (neglecting  parasitic  re¬ 
sistance),  as  measured  across  the  IDT: 


The  real  and  imaginary  parts  of  Z  are  shown  in 
Figure  3a,  and  the  magnitude  of  Z  in  Figure  3b  as  a 
function  of  L  for  typical  values  of  R  and  C,  with  L 
varying  over  a  range  such  that  L  and  C  are  parallel 
resonant  in  the  vicinity  of  the  cavity  resonant  fre¬ 
quency. 

It  should  be  readily  deduced  that  the  phase  of  rer 
fleeted  waves  due  to  regeneration  vary  as  L  is  varied. 
This  is  to  be  distinguished  from  waves  reflected  due 
to  mass  loading,  which  is  not  affected  by  the  tuning 
process . 


*.  This  research  was  supported  by  the  Naval  Air  Develop¬ 
ment  Center,  Warminster,  Pa.  18974,  under  Contract  No. 
N62269-76-C-0417;  Eliott  L.  Ressler,  Program  Engineer. 
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Figure  2.  Simple  equivalent  circuit  repre¬ 
sentation  of  a  SAW  IDT  loaded  by  a  parallel 
Inductor  as  viewed  from  the  electrical  port. 
R.c  £  acoustic  radiation  resistance  at  syn¬ 
chronism,  C  *  IDT  static  capacitance,  L  = 
variable  parallel  inductance. 


Figure  3.  (a)  Real  and  imaginary  impedance, 

and  (b)  impedance  magnitude  versus  parallel 
inductance  of  schematically  represented  trans¬ 
ducer  shown  in  Figure  2. 

Furthermore,  because  resistive  dissipation  will 
also  reach  g  maximum  at  peak  reflection,  it  does  not 
necessarily  follow  that  reflection  is  enhanced,  al¬ 
though  transmission  attenuation  does  change  dramati¬ 
cally,  as  shown  in  Figure  4. 

If  reflection  were  enhanced  as  a  result  of  reso¬ 
nantly  tuning  the  reflector,  then  the  resonance  re¬ 
sistance,  r,  as  shown  in  the  two-port  (single-pole) 
equivalent  circuit*  in  Figure  5,  would  decrease  as: 

r  =  R,  -  |-r-[  (2) 

1  +  |r| 

where  |r|  *  fractional  amplitude  magnitude  of  the 
surface  acoustic  wave  reflected  from  one  of  the  re¬ 
flectors  forming  a  resonant  cavity,  and  R0  =  tap  IDT 


Figure  4.  Transmission  through  a  tuned 
reflector  Rc  as  parallel  inductance  in¬ 
creases  (see  Figure  la),  (a)  Minimum 
inductance,  (b)  Inductance  tuned  for 
LC  resonance  at  band  center,  (c)  Maxi¬ 
mum  inductance. 

Vert:  10  dB/Div.  Horiz:  1  MHz/Di v. 
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Figure  5.  Two-port,  single-pcle  lumped 
element  equivalent  circuit.  R0  *  input/ 
output  IDT  acoustic  radiation  resistance 
at  synchronism;  C0  *  input/output  IDT 
static  capacitance;  L,  C  -  motional  in¬ 
ductance  and  capacitance;  r  =  parasitic 
resistance  due  to  electrical  and  material 
dissipation  losses. 
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acoustic  radiation  resistance. 


If  this  were  the  case,  then  resonance  insertion 
loss  would  decrease  as  reflector  efficiency  Increases 
by  virtue  of  reactive  tuning.  Experimentally,  this 
is  not  the  case,  as  will  be  shown. 

Tuning  the  Single-Pole  Resonator 

Consider  the  structure  in  Figure  1b.  As  the  re¬ 
flector,  Rc,  is  inductively  tuned  through  resonance 
at  band  center,  a  resonant  mode  appears  whose  fre¬ 
quency  decreases  as  the  tuning  inductance  increases 
(Figure  6).  The  point  at  which  maximum  transmission 
attenuation  occurs  in  Rc  (Figure  4b)  corresponds  to 
a  condition  midway  between  those  observed  in  Figures 
6b-c.  Note  that  overall  resonance  signal  strength 
under  these  circumstances  has  decreased,  with  conse¬ 
quent  reduction  in  rejection  from  the  acoustic  trans¬ 
versal  signal  level.  The  resonance  frequencies  in 
Figures  6a  and  6d  are  identical,  although  mode  coup¬ 
ling  occurs  in  6b  and  6c,  splitting  the  degeneracy  as 
the  two  interact  strongly.  It  is  concluded  that  the 
mode  whose  frequency  remains  unchanged  at  the  two  ex¬ 
treme  values  of  inductance  L  is  probably  the  mode  de¬ 
fined  by  impedance  conditions  due  to  mass  loading, 
while  the  resonance  that  shifts  with  changing  L  is  the 
regenerative  mode  controlled  by  tuning  the  electrical 
impedance  of  the  reflector,  Rp.  The  earlier  statement 
that  resonance  signal  strength  is  not  enhanced  by 
reactively  tuning  the  reflector  is  thus  demonstrated. 

Tun inq  the  T> o-Pole  Resonator 

Next,  consider  the  device  in  Figure  lc.  The  re¬ 
flector,  R  creates,  effectively,  two  cavities  that 
are  coupled  through  Rc  in  much  the  same  way  that 
bound  quantum  states  in  two  weakly  coupled,  finite 
square  well  potentials  interact  to  form  split  de¬ 
generacy  state  pairs.  This  device  has,  in  fact,  been 
presented  earlier3,  but  its  tunable  bandwidth  capa¬ 
bility  was  not  then  exploited.  By  varying  the  induc¬ 
tive  load  over  its  full  range,  we  may  obtain  the  re¬ 
sults  shown  in  Figure  7.  Observe  that  the  lower  fre¬ 
quency  resonance  suffers  no  shift,  while  the  upper  one 
appears  to  breath  accordian  fashion  as  L  increases. 

The  sawtooth  behavior  appearing  on  the  right  side  of 
the  resonance  peaks  is  due  to  transverse  modes  pre¬ 
viously  discussed  and  occurs  when  the  input/output 
transducers  are  not  properly  apodized  to  suppress  all 
but  the  fundamental  mode  transverse  to  the  direction 
of  propagation.  Figure  8  shows  the  device  behavior 
at  the  two  extreme  values  of  l. 

Figure  9  shows  the  device  behavior  when  the  re¬ 
flector,  R  ,  and  inductor,  L,  are  resonant  at  the  band 
center.  The  mode  in  the  center  does  not  shift  with  L 
and  has  been  identified  with  mass  loading  boundary 
conditions.  Two  modes,  approximately  .25  MHz  apart, 
form  "shoulders"  at  peak  resonance,  and  move  down  in 
frequency  as  L  increases,  but  maintain  a  fixed  sepa¬ 
ration.  By  partially  matching  the  impedance  of  the 
input/output  IDT's  with  simple  series  inductances,  it 
is  possible  to  produce  a  flat  response  (apart  from 
transverse  modes)  across  the  bandwidth  defined  by  the 
separation  of  the  two  modes.  Figure  10  shows  such  a 
matched  and  tuned  device  with  3  dB  insertion  loss. 

The  Three-Pole  Resonator 

We  may  now  consider  the  next  level  of  complexity: 
the  three-pole  monolithic  bandwidth  tunable  SAW  cry¬ 
stal  filter.  Figure  Id  is  representative  of  some  of 
the  increased  numbers  of  degrees  of  freedom  of  L.  The 
outer  reflectors  are  shown  without  tuning  Inductors, 
but  may  be  dynamically  loaded  as  well. 


Figure  6.  Two-pole  resonance  behavior 
as  Rc  is  inductively  tuned.  L  increases 
with  successive  photographs. 

Vert:  10  dB/Div.  Horiz:  .5  MHz/Div. 


Figure  7.  Mode  variation  with  increasing  L. 
Successive  traces  shifted  down  by  10  dB. 
Vert:  10  dB/Div.  Horiz:  .1  MHz/Div. 
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Figure  8.  Top:  Mode  structure  for  minimum 
L  value.  Bottom:  Mode  structure  for  maxi¬ 
mum  L  value. 

Vert:  10  dB/Oiv.  Horiz:  .1  MHz/Div. 


Figure  9.  Frequency  response  of  two-pole 
resonator  with  static  capacitance  of  re¬ 
flector  Rc  resonantly  tuned  by  parallel 
inductor  at  center  frequency. 

Vert:  10  dB/Oiv.  Horiz:  .1  MHz/Div. 


(a) 


Vert:  10  dB/Oiv.  Horiz:  .2  MHz/Div. 


(b) 


Figure  10.  Frequency  response  of  tuned, 
matched,  two-pole,  two-port  resonator. 


In  the  absence  of  any  tuning  elements,  either  ac¬ 
ross  the  reflectors  or  the  input/output  IDT's,  we  ob¬ 
tain  the  response  in  Figure  11.  In  this  device,  the 
tap  IDT’s  have  been  cosine  weighted  to  suppress  trans¬ 
verse  mode  structure,  which  has  been  shown  to  mar  the 
smoothness  of  the  passband  response  (see  Figures  7  and 
10b).  Tuning  one  or  both  of  the  two  coupling  reflec¬ 
tors  has  much  the  same  effect  as  was  achieved  in  the 
two-pole  device.  Tuning  two  or  more  reflectors  in  the 
array  has  the  effect  mainly  of  controlling  the  inter¬ 
action  of  mode  coupling  to  provide  a  passband  with 
uniform  and  minimum  ripple.  Resonating  the  tap  trans¬ 
ducers  with  a  series  inductor  further  reduces  insertion 
loss  and  passband  ripple.  But,  at  the  same  time,  mat¬ 
ching  reduces  rejection  of  the  transducer  passband  re¬ 
sponse  from  the  resonant  signal.  Figure  12  illus¬ 
trates  the  bandwidth  variation  that  can  be  achieved  in 
a  device  that  is  both  matched  and  reflector  tuned. 

Here,  the  passband  response  has  been  tuned  from  70  kHz 
to  40  kHz  bandwidth  (3  dB)  by  a  smooth  variation  in  the 
inductances  loading  the  coupler  reflectors,  Rc.  More 
dynamic  behavior  is  achieved  by  tuning  end  reflectors 
as  well.  In  this  fashion,  bandwidths  between  18  and 
85  kHz  have  been  achieved. 


Vert:  10  dB/Div.  Horiz:  50  kHz/Div. 


Vert:  10  dB/Div.  Horiz:  .1  MHz/Div. 

Figure  11.  Frequency  response  of  untuned,  un¬ 
matched,  three-stage  cascaded, three-pole  re¬ 
sonator.  Insertion  loss  =  26  dB. 


Figure  12.  Representative  example  of  band¬ 
width  control  achievable  in  the  same  device 
by  tuning  reflector  Impedance. 

Vert:  2  dB/Div.  Horiz:  20  kHz/Div. 
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Perhaps  the  most  effective  way  to  eliminate,  or 
sharply  reject,  nonresonant  acoustic  feedthrough  is 
to  devise  transverse  acoustically  coupled  resonators 
such  as  first  described  by  Tiersten  and  Smythe,^  and 
illustrated  by  Staples  and  Smythe.5  The  design  for¬ 
mat  of  the  two-  and  three-pole  SAW  filters  shown  here 
compel  us  to  examine  the  cascaded  crystal  arrangement 
to  improve  rejection  of  undesirable  acoustic  coupling 
away  from  the  passband  response.  This  leads  us  to  a 
discussion  of  the  cascaded  in-line  device  configura¬ 
tion  and  its  performance  as  an  N-pole  Butterworth 
fi Iter. 


Cascaded  SAW  Resonator  Filters 

As  Li,  et  al.6  have  shown  theoretically  by  appli¬ 
cation  of  a  transmission  line  analysis  of  various  in¬ 
line,  multi-cavity  designs,  the  shape  factor  decreases 
in  relation  to  the  increased  number  of  cavities,  or 
poles,  included  in  the  configuration.  An  N-pole 
Butterworth  filter  doubles  in  bandwidth  with  every 
6N  dB  decrease  from  peak  signal  strength.  As  a  demon¬ 
stration  of  this  behavior,  we  offer  the  results  of  a 
70  MHz  filter  constructed  from  a  cascaded  triplet  of 
three-pole  resonators.  Input  and  output  transducer 
taps  have  simple  series  L  inductances,  thus  impedance 
matching  is  r.ot  optimized.  The  electrical  coupling 
between  crystals  is  via  series  or  shunt  inductors  with 
no  discernable  difference  being  evident.  Figure  13  is 
a  series  of  spectrum  analyzer  oscilloscope  traces 
showing  the  broad  and  narrow  band  frequency  character¬ 
istics  of  this  device.  The  ±1  dB  ripple  in  the  pass- 
band  could  have  been  reduced  both  through  more  exten¬ 
sive  reflector  tuning  (not  all  of  which  were  loaded) 
and  better  impedance  matching  at  the  input/output 
ports.  The  derivative  of  a  transition  slope  is  quite 
steep,  exceeding  2000  dB/MHz  on  the  high  frequency 
transition  skirt.  Because  of  the  additional  pole  zero 
behavior  of  the  interstage  and  matching  network  com¬ 
ponents,  the  device  satisfies  an  effective  U-pole 
Butterworth  filter  requirement.  Average  insertion 
loss  is  13  dB  at  midband  due  to  incomplete  matching 
and  parasitic  loss  encountered  in  the  metal  electrodes 
and  inductors.  Close-in  dynamic  range  exceeds  90  dE, 
but  is  ultimately  limited  to  approximately  42  dB  from 
in-line  acoustic  feedthrough.  Beyond  the  passband 
response  of  the  tap  transducers,  spurious  acoustic 
response  is  below  -75  dB  from  dc  to  1  GHz. 


Center  Frequency  Tuning 
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Figure  13.  Tuned  matched  response  of  three- 
stage,  three-pole  SAW  resonator  filter.  In¬ 
sertion  loss  =  13  dB. 
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DEEPLY  ETCHED  S.A.W.  RESONATORS 
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John  A.  Kusters 
Hewlett-Packard  Laboratories 
Palo  Alto,  California 


Summary 

Recent  development  of  surface  acoustic  wave 
devices  as  high  frequency,  high  Q,  one-  and  two-port 
acoustic  resonators  has  created  a  new  interest  in 
such  devices.1'4  The  surface  wave  resonator  (SWR) 
consists  of  an  interdigital  transducer  (IDT)  con¬ 
tained  within  an  acoustic  resonant  cavity.  A  pair 
of  extended  gratings  consisting  of  deposited  film_ 

1 ines, ‘'2ion-implanted  lines,5  or  etched  grooves3'4 
form  the  cavity. 

Early  work  on  lithium  niobate  SWR's  indicated 
significant  conversion  from  surface  waves  to  lossy  bulk 
waves  when  grooved  arrays  were  etched  greater  than  0.02 
wavelengths  deep.2  Since  then,  every  reported  result 
on  etched  groove  resonators  has  been  for  devices  with 
shallow  grooves  less  than  0.02  wavelengths  deep. 

This  paper  reports  on  work  done  on  deeply  etched 
(0.05  wavelengths  or  deeper)  quartz  SWR  devices  that 
show  excellent  Q  and  short  term  stability.  The  160  MHz 
devices  have  Q's  that  range  up  to  48,000,  series 
resonance  impedance  less  than  40  ohms,  and  short  term 
stability  that  approaches  5  parts  in  1011  for  1  second 
samples.  The  temperature  performance  of  these  devices 
is  essentially  that  of  ST-cut  quartz,6  except  that  room 
temperature  turnover  occurs  at  an  orientation  of  39.3°. 

The  etching  process  used  is  a  reactive  fluorine 
plasma  process  capable  of  etching  quartz  at  3000R/min.7 
Etching  grooved  resonators  0.05  wavelengths  deep  (about 
8500-9000A)  typically  requires  about  30  minutes.  Fabri¬ 
cation  techniques  developed  are  simple,  straightforward, 
and  easily  adapted  to  large  scale  batch  processing. 

The  major  limitation  is  that  long  term  stability 
is  no  better  than  1  part  in  108  per  day. 


Fabrication 

Substrate 

Figure  1  gives  a  general  overview  of  the  one-port 
SWR  device  used.  Each  grating  region  consists  of  275 
grooves.  The  IOT  is  a  49  section  transducer  with 
cosine  weighted  apodization.  The  total  aperture  is 
60  wavelengths  and  the  grating-IDT  separation  is  about 
5  wavelengths.  All  units  were  fabricated  on  crystalline 
quartz. 

Quartz  SWR's  have  been  made  at  various  orientations. 
Figure  2  shows  the  relationship  between  orientation 
angle  and  the  turnover  temperature.  The  results 
reported  in  this  paper  are  measured  primarily  on  de¬ 
vices  oriented  at  35.821°  to  permit  oven  operation  at 
turnover  during  measurement. 

The  substrates  are  15  mm.  in  diameter  to  take 
advantage  of  existing  processes,  fixturing,  and  mounts 


for  bulk  wave  devices.  The  thickness  is  nominally 
1.25  mm.  The  substrate  is  x-ray  oriented  to  ±15"  of 
arc,  lapped,  suitably  polished  and  cleaned  for  vacuum 
plating. 

Since  the  device  will  be  eventually  vacuum-brazed 
to  a  mount,  the  edges  are  vacuum-plated  with  100°  of 
chrome  followed  by  5000A  of  gold.  After  a  change  of 
evaporation  masks,  the  units  undergo  a  vacuum  bake 
at  10'7  torr  then  receive  1200  ±100°  of  aluminum  in 
the  active  region.  Immediately  after  removal  from 
vacuum,  photoresist  is  spun  on,  baked,  exposed,  devel¬ 
oped,  and  the  unwanted  aluminum  is  etched  away.  The 
photomask  used  is  a  single  mask  with  gratings  and  IDT 
properly  spaced. 

Etching 

Figure  3  shows  a  device  ready  for  etching.  The 
aluminum  pattern  from  the  previous  steps  acts  as  an 
etch  resist.  The  process  used  removes  quartz  about 
10  times  faster  than  it  does  aluminum.  In  order  to 
preserve  the  advantages  of  a  single  metallization  and 
single  photoresist  exposure,  it  is  necessary  to  pro¬ 
tect  the  IDT  region  during  etching.  Figure  4  shows 
a  nylon  mask  that  is  placed  over  the  IDT  during  etch¬ 
ing.  This  has  an  additional  advantage  in  that  it 
also  partially  shadows  the  first  few  grating  lines. 
During  etching,  a  rather  smooth  transition  occurs 
from  the  unetched  surface  to  the  grating  because  of 
this  shadowing.6 

The  system  used  is  shown  in  Figure  5.  This  is 
a  reactive  fluorine  plasma  system  used  to  etch  quartz 
and  other  materials  extremely  rapidly.8  As  reported 
previously,  etch  rates  of  3000a  per  minute  a.e  pos¬ 
sible.7  However,  as  this  high  of  an  etch  rate  destroys 
the  aluminum  etch  resist  too  fast,  the  rate  is  usually 
decreased  to  about  300a  per  minute.  With  this  etch 
rate,  the  aluminum  etch  resist  has  been  almost 
removed  when  the  proper  depth  is  reach,  eliminating 
the  necessity  of  doing  this  later. 

During  the  etching  process,  the  resonant  fre¬ 
quency  can  be  monitored.  Figure  6  shows  the  relation¬ 
ship  between  depth  of  etch  and  the  change  in  resonant 
frequency.  For  our  process,  Li's  "B”  factor3  has  been 
experimentally  determined  to  be  22.5.  By  monitoring 
during  etching,  the  final  device  frequency  on  single 
units  has  been  trimmed  to  within  ±500  Hz.  of  the 
desired  frequency. 

While  determining  the  correct  value  for  "8",  we 
observed, using  network  analyzer,  that  the  total  inser¬ 
tion  loss  continued  to  decrease  and  the  device  Q 
continued  to  Increase  at  depths  far  beyond  that 
reported  by  Li  as  possibly  causing  bulk  mode  scattering 
at  the  groove  interface.11  Continued  measurements  at 
160  MHz  and  320  MHz  indicate  that  the  total  insertion 
loss  continues  to  decrease  (Q  continues  to  increase) 
up  to  groove  depths  of  0.04  -  0.05  wavelengths.  Beyond 


this,  the  insertion  loss  and  Q  tend  to  flatten  out, 
and  then,  beyond  abuut  0.07  wavelengths,  the  inser¬ 
tion  loss  starts  to  increase,  and  Q  decreases. 
Occasionally  in  this  region  SDurious  mode  responses 
are  also  seen. 

As  a  result,  our  current  practice  is  to  design  for 
a  resonant  frequency  at  a  groove  depth  of  0.045  wave¬ 
lengths.  Final  adjustment  to  the  correct  resonant 
frequency  can  then  be  made  by  adjusting  the  actual 
etch  depth  while  being  assured  that  the  insertion  loss 
is  at  a  minimum  and  Q  is  at  a  maximum. 


Mount 

After  the  etch  process,  the  substrates  are  then 
vacuum-brazed  onto  a  ceramic  header  developed  for 
5  MHz  bulk  wave  devices.  The  brazing  material  is 
a  gold-germanium  alloy  that  melts  at  356°C.  After 
brazing,  a  copper  top-cap  is  cold-welded  to  the  header. 
The  units  are  then  placed  on  a  bakeout  head,  connected 
by  a  tubulation  previously  brazed  to  the  top-cap.  All 
units  then  undergo  a  vacuum  bake  at  10‘7  torr,  at 
20G°C  for  8  to  48  hours.  This  process  is  identical  to 
that  used  for  high  precision  bulk-mode  resonators  that 
show  long  term  aging  approaching  parts  in  10”  per  day. 
After  baking,  the  tubulation  is  cold-welded  shut  by 
pinching-off  at  a  minimum  pressure  of  1  x  10"7  torr. 


Measurement 

After  preliminary  screening,  eight  units  were 
selected  and  installed  in  oscillators.  The  oscillator 
is  a  rather  conventional  single  transistor  unit  de¬ 
signed  for  a  previous  instrument  project.  Figure  7 
shows  an  aluminum  oven  which  was  constructed  to  hold 
the  eight  resonators  and  oscillators.  After  prelim¬ 
inary  adjustments,  the  oven  was  set  at  the  nominal 
turnover  temperature  of  the  resonators. 

Resistance  and  Q 

Preliminary  screening  required  the  measurement  of 
the  series  resonance  resistance  and  the  Q  of  the 
resonator.  The  measurement  setup11  is  shown  in 
Figure  8.  Q  was  measured  using  the  phase-slope  method 
at  resonance.  Resistance  was  determined  from  the 
measured  voltages  and  phase  angles,  after  making 
appropriate  correction  for  known  stray  reactances. 

A  sutmiary  of  the  measured  data  is  shown  in  Table  I. 

One  resonator,  11  B  4,  had  been  opened  to  air  acci¬ 
dentally  prior  to  making  the  measurements. 

Table  I  shows  Q  values  ranging  from  26,000  to 
48,000  with  the  majority  of  the  units  in  excess  of 
38,000.  All  of  these  units  were  etched  at  least  0.05 
wavelengths  deep  at  160  MHz.  From  the  known  material 
losses  of  quartz,  the  maximum  achievable  Q  at  this 
frequency  should  be  65,000.  In  practice,  the  units 
discussed  here  have  a  large,  complicated  IDT  structure 
in  the  acoustic  cavity  which  is  known  to  limit  the 
obtainable  Q.  Experimental  Q's  approaching  80%  of  the 
theoretical  maximum  indicate  that  the  acoustic  losses 
in, such  a  device  must  be  extremely  low.  As  any  con¬ 
version  to  bulk  waves  at  a  groove  interface  would 
represent  a  significant  acoustic  loss,  one  must  con¬ 
clude  that  for  devices  made  on  quartz  using  the 
described  methods,  conversion  to  bulk  waves  must  be 
virtually  nonexistent. 

Preliminary  screening  also  required  the 
measurement  of  the  turnover  temperatures  of  the 
devices,  and  the  determination  of  the  frequency- tempera¬ 


ture  coefficients  of  the  devices.  Although  riot  cut 
at  the  ST  orientation  of  42.75°,  these  units  show 
the  same  temperature  dependence  with  a  second-order 
temperature  coefficient  at  turnover  of  -36  parts  in 
101  per  aegree  C  squared.  The  final  selection  of  units 
was  determined  by  picking  four  from  each  experimental 
group  that  were  the  closest  in  turnover  temperature. 

The  mean  of  the  eight  units  was  54.15°C. 


long  Term  Aging 

After  installing  the  eight  resonators  and  oscil¬ 
lators  in  the  oven,  daily  measurements  of  the  resonant 
frequency  were  taken  for  approximately  six  weeks. 

During  the  entire  test,  the  oscillators  were  always 
working,  the  oven  temperature  was  controlled  to  within 
±D.01°C,  and  the  system  monitored  using  a  mechanical 
scanner  and  a  diode  switching  matrix  to  connect  the 
oscillator  outputs  to  appropriate  counters.  The  system 
time  base  was  a  Model  107  BR  Quartz  Frequency  Standard 
that  has  been  in  continuous  operation  for  a  number 
of  years  and  is  known  to  be  stable  to  better  than  one 
part  in  101 1  per  day. 

After  the  first  three  to  six  days,  the  units  set¬ 
tled  down  and  aged  at  essentially  a  constant  rate  for 
the  remainder  of  the  testing  time.  Table  I  also  con¬ 
tains  a  sumnary  of  the  final  long  term  aging  rate  for 
the  eight  test  units.  The  highest  aging  rate  belongs 
to  the  unit  which  has  been  opened  to  air.  The  cause 
for  the  negative  aging  rate  of  unit  12  B  6  is  unknown, 
but  may  be  due  to  a  resin  leak  sealant  used  on  several 
cans  suspected  of  being  leaky  while  on  the  bakeout  head. 

The  experimental  data  is  in  rather  close  agree¬ 
ment  with  that  reported  elsewhere.  As  all  processes 
used  were  identical  with  those  that  produce  bulk  mode 
units  that  age  at  a  rate  almost  three  orders  of  magni¬ 
tude  better  than  the  SWR's,  the  results  are  disap¬ 
pointing.  The  test  vas  terminated  rather  suddenly 
when  electrical  power  was  ci-‘  to  allow  construction 
of  a  new  lab  facil  ity. 


Short  Term  Stability 

Fig.  9  shows  the  measurement  setup  used  to  deter¬ 
mine  the  short,  term  stability.  All  measurements  were 
made  after  approximately  5  weeks  of  aging.  Measure¬ 
ments  were  performed  only  in  the  time  domain  since 
this  was  compatible  with  the  equipment  available.  A 
sumnary  of  the  results  obtained  for  1  second  sampling 
times  is  also  shown  in  Table  I.  In  all  cases,  Af  - 
1000  Hz,  and  the  number  of  samples  was  200. 

Fig.  10  shows  the  relationship  between  the  short 
term  stability,  expressed  as  the  Allen  Variance,  and 
the  sampling  time  for  one  of  the  eight  units.  The 
shape  of  the  curve  for  all  of  the  cthe"  units  was 
identical . 

Table  I,  upon  closer  inspection,  shows  some  inter¬ 
esting  results.  There  is  a  high  correlation  between  the 
short  term  stability  measurements  and  the  resonator  Q, 
as  expected.  In  addition,  the  group  marked  "11  B"  had 
significantly  better  short  term  stability  than  the 
"12  B"  group.  A  check  of  the  previous  history  of  these 
substrates  showed  that  the  "11  B"  group  was  all 
reprocessed  units.  These  substrates  had  previously 
been  made  into  SWR's,  and  for  one  reason  or  another 
were  relapped  and  repolished.  A  possible  conclusion 
is  that  group  "12  B"  had  not  been  sufficiently  lapped 
before  polishing,  as  both  groups  were  polished  to  the 
same  standards. 


Drive  Level  Dependence 

The  test  setup  shown  In  Fig.  8  was  also  used  to 
determine  the  drive  level  dependence  of  the  SWR.  The 
resonant  frequency  was  measured  as  the  drive  level 
was  changed  from  -60  dBm  to  0  dBm.  The  results  are 
shown  In  Fig.  11.  Drive  levels  below  -35  dBm  have  no 
effect  on  the  resonant  frequency.  The  region  between 
-20  and  -35  dBm  Is  probably  due.  In  part,  to  elastic 
nonl Inearl  ties.  For  drive  levels  greater  than  -20  dBm, 
the  rapid  frequency  change  Is  probably  due  to  thermal 
effects.  The  unit  was  tested  at  room  temperature, 
although  Its  turnover  temperature  was  about  55°C. 


Conclusion 

The  experimental  results  shown  here  Indicate 
that  with  this  process,  one  can  etch  considerably 
deeper  than  0.02  wavelengths  and  still  observe  no 
detectable  bulk  wave  scattering  In  quartz.  Q's 
were  achieved  at  80%  of  that  theoretically  pos-  •» 
slble,  even  with  a  large  IDT  In  the  acoustic  cavity. 
Further,  th-'  excellent  short  term  stability  of  these 
devices  make  them  promising  candidates  for  use  as 
high  frequency  oscillator  crystals.  Unfortunately, 
their  usefulness,  at  the  present  time.  Is  limited  by 
the  rather  poor  long  term  performance. 
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SURFACE  ACOUSTIC  WAVE  RESONATOR 

FIGURE  1 


FIGURE  3  -  SWR  Ready  for  Etching. 
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FIGURE  4  -  Nylon  Mask  used  for  Protecting  IDT. 


FIGURE  5  -  Plasma  Etching  System 
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FIGURE  10  -  Short  Term  Stabi 


FIGURE  11  -  Drive  Level  Frequency  Effect 
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Summary 

This  paper  describes  a  new  type  of  surface  acous¬ 
tic  wave  grating  resonator  in  which  the  particle  dis¬ 
placement  of  the  surface  wave  is  parallel  to  the  sur¬ 
face.  By  contrast,  the  now  well-known  SAW  (Rayleigh 
wave)  gracing  resonator  has  its  particle  displacement 
in  the  saggital  plane. 

In  the  SAW  resonator  the  function  of  the  grating 
structure,  which  consists  of  either  grooves  or  metal 
scrips,  is  to  provide  two  highly  reflecting  Rayleigh 
wave  mirrors,  between  which  a  standing  wave  is  excited 
by  means  of  an  interdigital  transducer.  The  basic 
function  of  the  grating  in  the  horizontal  shear  (SH) 
type  of  surface  wave  resonator  considered  here  is  quite 
different.  An  SH  surface  wave  cannot  exist  on  a  homo¬ 
geneous  (unlayered)  substrate  in  the  absence  of  some 
periodic  variation,  such  as  a  grating,  along  the  sur¬ 
face.  That  la  to  say,  the  surface  wave  in  this  case  is 
a  vibrational  mode  of  Che  grating  itself.  On  the  other 
hand,  the  grating  is  now  not  required  to  realize  a  high¬ 
ly  reflecting  mirror,  because  the  SH  motion  reflects 
without  spurious  mode  coupling  at  a  traction-free 
boundary  placed  in  any  symmetry  plane  of  the  structure. 
For  this  reason  this  new  type  of  resonator  promises  a 
substantial  advantage  in  miniaturization  compared  with 
the  conventional  SAW  resonator. 

SH  surface  wave  resonators  on  PZT-8,  Y-cut  X-pro- 
pagating  LINbO,  and  ST  quartz  have  been  fabricated  and 
tested.  Excitation  was  by  means  of  an  interdlgltal 
structure  deposited  on  top  of  the  grating  teeth,  and 
the  dimena Ions  were  chosen  to  give  a  resonance  in  the 
region  of  1  to  2  MHz.  The  groove  depth  was  in  the 
range  of  0.01",  and  it  was  found  that  the  diamond  saw 
fabrication  technique  used  did  not  provide  adequate 
precision.  Consequently  the  quality  factors  realized 
were  low  (<  5000),  and  use  of  relatively  shallower 
etched  grooves  at  higher  frequencies  is  clearly  called 
for. 

Since  a  sufficient  condition  for  the  existence  of 
this  type  of  surface  wave  is  a  periodicity  of  the  con¬ 
ditions  along  the  surface,  another  technique  for  trap¬ 
ping  the  wave  at  the  surface  la  deposition  of  an  array 
of  metal  strips. 

Key  words  Resonator,  Grating,  Horizontal  Shear, 
Interdlgltal  Transducer,  FZT,  Lithium  Niobate,  Quartz. 

Introduction 

In  an  earlier  paper*  the  existence  of  a  horizon¬ 
tally  polarized  shear  (SH)  surface  wave  on  a  corrugated 
substrate  was  demonstrated  by  virtue  of  the  exact  ana¬ 
logy  between  this  elastic  wave  problem  and  the  corres¬ 
ponding  electromagnetic  problem.  An  extensive  litera¬ 
ture  exists  for  the  latter  case  and  the  solutions  given 
were  found  to  be  in  good  agreement  with  experimental  re¬ 
sults  obtained  for  shear  surface  waves  on  a  corrugated 
altalnum  substrata.  Observations  were  made  by  fabrica¬ 
ting  a  finite  length  of  corrugated  surface  (or  grating) 
and  measuring  the  transmission  resonances  with  thick¬ 
ness  shear  transducers  bonded  to  tha  ends  of  the  finite 
length  of  grating.  The  surface  nature  of  the  wave  was 


confirmed  by  measuring  gratings  on  substrates  of  dif¬ 
ferent  depths. 

Although  previous  experiments  confirmed  the  ap¬ 
plicability  of  the  electromagnetic  solutions  to  the 
elastic  wave  problem,  the  transducers  used  excited 
both  the  surface  wave  of  the  grating  and  thickness 
waves  of  the  substrate.  The  mode  spectrum  was  there¬ 
fore  cluttered  with  many  Bpurious  responses  and  en¬ 
tirely  unsuitable  for  resonator  applications.  The  pre¬ 
sent  paper  describes  an  investigation  of  SH  surface 
wave  resonances  on  piezoelectric  substrates.  Efficient 
selective  excitation  of  the  grating  is  then  achieved  by 
suitably  choosing  the  substrate  orientation  and  deposi¬ 
ting  a  transducer  electrode  on  top  of  each  tooth.  As 
will  be  seen,  individual  resonant  modes  of  a  finite 
length  of  grating  may  be  excited  by  suitably  choslng 
the  distribution  of  voltages  applied  to  the  electrode 
array. 

It  should  be  pointed  out  that  the  SH  surface  wave 
considered  here  is  intimately  related  to  the  surface- 
sk laming  shear  wave.2>5  The  latter  wave  or,  more  pro¬ 
perly,  radiation  pattern  consists  of  a  horizontally 
polarized  shear  elastic  vibration  skinning  along  the 
surface  and  slowly  diffracting  into  the  substrate. 
Diffraction  losses  are  determined  by  the  vertical  di¬ 
rectivity  of  the  interdlgltal  transducer  (IDT)  used 
for  excitation.  Consistent  with  the  analogy  of  the  IDT 
as  an  end-fire  antenna  array,  the  radiation  pattern  is 
sharpened  and  diffraction  losses  are  reduced  by  in¬ 
creasing  the  length  of  the  IDT.  Addition  of  a  grating 
structure  to  the  surface  permits  the  existence  of  a 
genuinely  bound  SH  wave,  which  travels  at  a  velocity 
slower  than  that  of  a  bulk  SH  wave.  If  the  IDT  is 
suitably  designed  to  synchronize  with  this  bound  wsve, 
as  in  the  case  of  a  Rayleigh  wave  transducer,  there 
will  be  essentially  no  diffraction  loss  into  the  sub¬ 
strate. 

SH  Waves  on  an  Infinite  Grating 

One  way  of  picturing  an  SH  grating  vibration  Is 
to  imagine  it  as  evolving  from  the  standard  tuning 
fork  resonator  shown  in  the  upper  left  of  Fig.  1.  An 
analogous  type  of  tuning  fork,  in  which  the  arms  move 
in  face  shear,  is  shown  on  the  right.  Stacking  of  a 
number  of  these  resonators  in  an  array  leads  to  the 
tuning  fork  grating  shown  at  the  bottom  of  the  figure, 
in  which  the  dashed  lines  are  traction-free  surfaces. 
The  basic  SH  grating  (Fig.  2)  evolves  from  this  as  the 
dimension  is  extended  to  infinity  along  the  particle 
displacement  direction  and  the  individual  supports  are 
replaced  by  a  continuous  substrate.  With  a  fixed 
tooth  spacing  d  ,  the  frequency  Increases  with  de¬ 
creasing  length  of  the  teeth,  just  as  in  the  case  of 
the  original  tuning  fork.  The  grating  configuration 
provides  a  means  for  realizing  a  tuning  fork  type  of 
resonance  at  frequencies  where  a  single  fork  becosMS 
too  small  to  fabricate  and  mount. 

Because  the  spatial  period  of  the  vibration  In 
Fig.  2  is  2d  the  displacement  field  in  the  substrate 
can  be  written  as  the  Fourier  terles  shown  In  the  fig¬ 
ure,  where  en  is  the  amplitude  of  the  nth  Fourier 
component  and  the  T  exponential  coefficient  rn  Is 
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related  to  the  wavelength  of  a  bulk  shear  wave  by  the 
equation  on  the  line  below.  It  followa  from  this  that 
Is  real  when  2d  Is  less  then  a  bulk  shear  wave¬ 
length.  In  this  case  all  of  the  Fourier  c  opponents  de¬ 
cay  exponentially  Into  the  substrate  •  that  la.  the 
motion  la  a  surface  vlbratlcn  bound  to  the  grating. 

This  argument  does  not,  of  course,  prove  the  existence 
of  such  a  vibration,  but  Its  existence  haa  already  bean 
demonstrated  analytically  In  the  case  of  the  analogous 
electromagnetic  problem. **>5 

The  vibration  shown  in  Fig.  2,  which  has  a  phase 
shift  of  it  from  one  grating  tooth  to  the  next  (the 
TT-mode),  la  only  one  of  many  that  can  exist  on  this 
periodic  structure.  In  the  previous  discussion,  the 
grating  was  regarded  as  essentially  an  infinite  array 
of  tuning  forks.  Alternatively,  one  may  look  at  the 
teeth  as  an  array  of  cantilever  supported  face  shear 
plate  vibrators  that  are  lightly  coupled,  one  to  the 
next,  through  the  substrate.  The  vibration  spectrum 
consists  of  a  continuous  distribution  of  coupled  modes, 
analogous  to  die  modes  of  a  periodically  mass-loaded 
vibrating  string.  In  this  case  the  phase  shift  from 
section  to  section  Is  related  to  a  continuous  wave  num¬ 
ber  k  *  2rr/X  ,  which  takes  the  value  7r/d  for  the 
7T-mode  discussed  above  (Fig.  3). 

As  shown  in  References  U  and  5  the  relationship 
between  to  and  k  for  this  grating  surface  wave  has 
the  same  form  as  for  waves  on  the  periodically  loaded 
string.  The  frequency  of  the  TT-mode  (k  »  7r/d  in  Fig. 
3)  corresponds  to  the  lower  edge  of  the  stop  band. 

Above  this  frequency  the  surface  wave  is  nonpropagating 
(or  cut-off).  As  the  depth  of  the  grating  grooves  Is 
decreased,  the  frequency  of  the  TT-mode  Increases  until 
the  VSHEAR  li°o  is  reached.  This  corresponds  to  the 
surface-sk laming  shear  wave  discussed  above.  In  the 
so-called  slow  wave  region  below  this  line  the  solution 
is  always  a  surface  wave. 

It  should  be  emphasized  that  very  little  slowing 
is  required  to  produce  a  well-confined  surface  wave. 

A  Rayleigh  wave,  for  example,  has  a  phase  velocity  that 
is  only  some  five  percent  below  the  bulk  shear  velocity 
but  is  confined  to  a  depth  less  than  a  shear  wavelength. 
One  needs,  therefore,  only  a  shallow  grating  to  trap 
the  SH  wave  on  the  surface. 

Finite  Grating  Resonators 

To  produce  a  standing  surface  wave  resonance  the 
grating  structure  must  be  terminated  in  a  pair  of 
mirror  reflectors.  In  the  standard  SAW  resonator  these 
mirrors  are  realized  by  long  (several  hundred  periods) 
grating  arrays  designed  to  operate  in  the  cut-off  re¬ 
gion.  For  the  SH  surface  wave  resonator  this  is  not 
necessary.  A  mirror  can  be  realized  by  terminating  the 
grating  in  a  suitably  located  traction-free  boundary. 

In  the  case  of  the  TT-mode  this  is  easily  seen  by  exam¬ 
ining  Fig.  2,  where  the  particle  displacement  is  along 
x  and  varies  with  y  and  z  .  From  the  symmetry  of 
the  vibration  one  has  that  the  displacement  u  is 
maximum  with  respect  to  the  z  variation  at  tne  plane 
denoted  by  a  dashed  line  in  the  figure.  This  means 
that  the  strain  component  Sxz  and  the  stress  com¬ 
ponent  T  are  zero  on  this  plane.  Since  u  is  a 
function  only  of  y  and  z  ,  the  stress  components 
T„_  and  Tzz  are  also  zero  -  Just  the  conditions  re¬ 
quired  for  a  traction-free  boundary,  which  acts  as  a 
perfect  mirror.  By  further  symmetry  arguments  one  can 
show  that  the  same  boundary  conditions  acts  as  a  per¬ 
fect  mirror  for  a  surface  wave  wltn  any  wavenumber 
k  . 

Figure  gives  the  profile  of  an  N  section  re¬ 
sonator  contained  between  two  such  mirror  reflectors. 


As  in  any  standing  wave  resonance,  the  resonance  con¬ 
dition  is  that  the  length  L  be  integral  masher  n 
of  half  wavelengths  or,  equivalently,  that  k  -  nm/ND  . 
For  a  10-section  resonator  there  are  therefore  ten 
modes  of  resonance,  with  frequencies  determined  from 
the  dispersion  diagram  by  the  construction  shown  on  the 
figure.  A  particular  mode  may  be  excited  by  applying 
the  corresponding  distribution  of  voltages  to  the 
electrodes  located  on  the  tops  of  the  teeth.  Our  ex¬ 
periments  have  been  performed  on  the  TT-mode  in  which 
alternate  electrodes  are  excited  l6o°  out  of  phase,  as 
in  a  conventional  IDT. 

We  have  fabricated  and  tested  three  SH  grating 
resonators  with  groove  profile  dimensions  as  given  in 
the  upper  left  of  Fig.  1*  and  resonant  frequencies  for 
the  TT-mode  in  the  range  of  1  to  2. 5  MHz.  The  resonator 
proper  is  defined  by  an  electroded  region  on  the  top 
surface  of  a  grooved  block,  large  enough  to  eliminate 
edge  effects  and  to  permit  probing  of  the  vibration 
pattern  outside  the  electrode  region  by  means  of  small 
rubber  damping  pads.  The  grooves  were  first  cut  with 
a  diamond  saw,  the  top  surface  and  reflecting  edges 
were  then  polished,  the  electrodes  deposited  and  the 
gold  wire  leads  attached. 

In  these  initial  experiments  no  attempt  was  made 
to  polish  the  inside  of  the  grooves.  As  will  be  seen, 
this  leads  to  problems  with  resonance  broadening  and 
coupling  into  spurious  modes  due  to  grating  nonunifor¬ 
mity  and  surface  roughness.  It  is  clear  that  the  best 
way  to  make  these  structures  is  by  deep  etching  tech¬ 
niques.  ° 

The  importance  of  groove  depth  uniformity  is  clear 
from  the  dispersion  curves  in  Fig.  It,  where  it  is  seen 
that  the  frequency  of  the  TT-mode  is  strongly  dependent 
on  the  groove  depth  h  .  Nonuniform  groove  depth 
therefore  causes  different  parts  of  the  grating  to  re¬ 
sonate  at  different  frequencies.  This  effect  was  ob¬ 
served  in  some  of  our  gratings,  where  the  vibration 
was  found  by  mechanical  probing  to  be  localized  in  a 
small  region  of  the  grating.  Tighter  tolerances  on 
the  fabrication  procedure  were  found  to  reduce  this 
effect.  It  appears  from  these  results  that  the  reso¬ 
nance  could  be  confined  to  a  desired  region  of  the 
surface  by  deliberately  tailoring  the  depth  profile  of 
the  grooves. 

Mechanical  probing  of  the  resonators  with  small 
rubber  pads  confirmed  the  surface  wave  nature  of  the 
vibration  and  also  demonstrated  a  lateral  confinement 
of  the  vibration  to  the  electroded  region.  A  lateral 
decay  distance  of  the  order  of  1  cm  was  observed  out¬ 
side  the  electroded  region.  This  is  due  to  mass  load¬ 
ing  by  the  electrodes,  which  effectively  increases  the 
depth  of  the  grooves  under  the  electrodes.  Because  of 
this  lateral  confinement  transverse  modes  are  also  ob¬ 
served.  as  in  standard  SAW  resonators. 

PZT-8  Ceramic  Resonator 

The  insert  of  Fig.  5  shows  a  highly  schematic  re¬ 
presentation  of  the  resonator  geometry.  Poling  is  in 
the  direction  indicated  by  the  heavy  arrow.  Since  it 
is  not  possible  to  pole  over  a  3"  length,  the  block 
was  fabricated  from  six  1/2"  pieces  carefully  ground 
and  bonded  together  with  epoxy.  No  repolishlng  was 
performed  after  saving  the  grooves,  and  the  groove 
depth  was  measured  to  be  approximately  five  percent 
greater  at  the  left  end  of  the  grating  than  at  the 
right.  When  the  two  halves  of  the  grating  were  excited 
independently,  different  resonant  frequencies  were  ob¬ 
tained  -  as  expected,  the  lower  frequency  correspond¬ 
ing  to  the  larger  groove  depth. 


Figure  5  shows  the  measured  input  impedance  char¬ 
acteristics  f'jr  the  entire  grating  -  the  small  peak  at 
1.120  MHz  corresponding  to  the  deep  end  of  the  grating. 

A  variation  of  groove  depth  in  the  order  of  five  per¬ 
cent  corresponds  to  a  frequency  variation  in  the  order 
of  one  percent.  The  estimated  resonator  Q  is  of  order 
200,  compared  with  a  na  terial  Q  of  order  U00  determined 
by  pulse  echo  measurements  in  a  large  block. 

We  have  also  tested  the  same  geometry  as  a  Ray¬ 
leigh  wave  grating  resonator,  with  the  poling  in  the 
vertical  direction  in  Fig.  5.  As  anticipated  the  Q  is 
much  lower  (of  order  $0)  because  traction- free  bound¬ 
aries  do  not  act  as  good  mirrors  for  Rayleigh  wave 
motion. 

Y-X  Lithium  Nlobate  Resonator 

A  lithium  nlobate  resonator  was  made  in  order  to 
more  clearly  Isolate  the  effects  of  surface  roughness 
and  resonator  geometry  on  the  Q-factor.  As  shown  in 
Fig.  6  a  resonator  of  somewhat  different  dimensions  was 
made  on  a  single  crystal  block,  using  the  same  fabrica¬ 
tion  method.  The  top  surface  is  Y-oriented  and  the 
grooves  are  along  Z  .  By  cutting  the  grooves  before 
polishing  the  top  surface  and  finishing  afterwards, 
grooves  with  clean  upper  corners  were  obtained.  They 
were,  however,  very  fragile  and  had  to  be  handled  with 
great  care. 

The  impedance  curve  in  the  figure  is  for  an  unsup¬ 
ported  sample  and  exhibits  a  very  dense  spectrum  of 
spurious  bulk  modes  in  the  region  of  the  main  and 
transverse  surface  wave  resonances.  Appearance  of 
strong  spurious  modes  only  in  the  region  of  surface 
wave  resonance  indicates  that  the  spurious  coupling  is 
through  mechanical  Imperfections  of  the  grating  and  not 
directly  from  the  electrodes. 

Figure  7  shows,  on  the  same  scale,  the  Impedance 
characteristics  after  glueing  the  ends  of  the  lithium 
nlobate  block.  The  bulk  modes  are  now  strongly  sup¬ 
pressed,  although  some  spurious  is  still  apparent  near 
to  two  transverse  resonances  on  the  high  frequency  side 
of  the  main  resonance.  There  is  now  a  strong  surface 
wave  resonance  with  a  maximum  impedance  of  JOO  kfl  ,  and 
Figs.  8  and  9  show  that  the  maximum  spurious  response 
over  the  range  from  1  to  7.5  MHz  is  4  kfl  . 

Figure  10  gives  on  a  logarithmic  scale  the  de¬ 
tailed  impedance  response  in  the  vicinity  of  the  re¬ 
sonance  and  antiresonance  points.  Because  of  the 
large  number  of  spurious  modes  near  the  series  reso¬ 
nance  point,  it  is  not  possible  to  calculate  the  Q  by 
the  standard  procedure,  but  it  is  estimated  to  be  not 
more  than  2000,  This  very  low  value  is  clearly  due  to 
the  energy  loss  coupled  into  a  large  number  of  bulk 
modes  and  subsequently  dissipated  in  the  supports. 

Further  precision  in  grating  fabrication  is  obviously 
called  for. 

ST  Quartz  Resonator 

Figure  11  shows  the  geometry  of  e  grating  resona¬ 
tor  on  a  79.3°  "ST"  quartz  plate  with  the  grooves  along 
the  X  direction.  Hots  that  the  thickness  of  the  sub¬ 
strate  is  much  lass  than  in  the  other  examples.  Al¬ 
though  the  resonator  is  unmounted  the  spurious  mode 
response  la  small  compared  with  the  11th  Ivan  nlobate 
case,  and  the  response  is  clean  outslda  the  10  KHz  fre¬ 
quency  range  shown. 

As  in  the  PZT  resonator  the  low  frequency  peak  is 
attributed  to  nonuniformity  of  groove  depth.  Since 
this  second  peak  occurs  very  close  to  the  mein  series 
resonance  point,  it  is  not  possible  to  arrive  at  an  ac¬ 
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curate  evaluation  of  Q.  We  estimate  a  value  in  the  or¬ 
der  of  3000. 

Conclusions 

In  sunmary,  we  have  experimentally  verified  the 
surface  character  of  SH  vibrations  on  deep  grating 
structures  and  have  measured  some  of  the  properties  of 
grating  resonators  of  this  type  operating  on  PZT-8,  YX 
lithium  nlobate  and  ST  quartz  in  the  frequency  range  of 
1  to  2  MHz.  Q-factors  obtained  are  low,  not  more  than 
3000.  This  is  due  in  part  to  technical  difficulties  in 
accurately  and  uniformly  fabricating  the  large  grooves 
required  at  these  low  frequencies  and  in  part  to  mode 
scattering  due  to  the  effect  of  substrate  anisotropy 
on  the  behavior  of  the  traction-free  reflector  sur¬ 
faces  . 

The  fabrication  problems  encountered  point  up  the 
need  to  study  shallower  grating  resonators  operating 
at  higher  frequencies.  As  pointed  out  earlier,  only 
a  small  amount  of  slowing  is  needed  to  trap  the  SH  vi¬ 
bration  on  the  surface,  and  the  grooves  need  only  be  a 
small  fraction  of  a  wavelength  in  depth.  Since  the 
periodicity  needed  for  wave  trapping  may  also  be  in¬ 
duced  by  periodic  boundary  conditions  on  the  surface, 
an  attractive  alternative  is  mass-loading  or  electri¬ 
cal  short  circuit  strips  deposited  on  the  substrate 
surface.^ 

The  major  potential  advantage  of  the  SH  grating 
resonator  over  the  standard  SAW  structure  is  in  its 
small  size.  Because  the  grating  itself  does  not  serve 
as  a  mirror,  only  a  small  number  of  periods  is  re¬ 
quired.  Also,  the  presence  of  a  spectrum  of  resonator 
modes  that  can  be  selected  by  appropriate  coding  of 
the  applied  electrode  voltages  suggests  the  possibility 
of  small  multipole  monolithic  filters  at  very  high  fre¬ 
quencies. 
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TUNING  FORK  *GRATING  INFINITE  ORATING  ON  AN  ISOTROPIC  SUBSTRATE 


+ 


FIGURE  1.  A  Conventional  flexural  tuning  fork  resonator 
is  shown  in  the  upper  left  and  a  "fa -e-shear" 
analogue  in  the  upper  right.  The  bot  om  of  the 
figure  shows  a  primitive  horizintal  .hear  gra¬ 
ting  resonator  realized  by  stacking  "face-shear 
tuning  forks. 
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FIGURE  2.  Horizontal  shear  grating  on  a  semi-infin¬ 
ite  substrate.  Vibration  is  in  the  -tt- 
mode. 
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SH  SURFACE  WAVE 
RESONANCE  OF 
PZT-8  GRATING 
ON  PHENOLIC  BASI 


RESONATOR  GEOMETRY 


FREQUENCY  IN  MHz 

Measured  impedance- frequency  curve  of  PZT-8  resonator.  Poling 
direction  is  indicated  by  fie  heavy  arrow. 


MAGNITUDE  OF  IMPEOANCE 


FIGURE  6.  Impedance-frequency  response  of  Y-oriented 
X-propagatlng  LiNbO-  grating  resonator, 
showing  a  dense  spectrum  of  spurious  bulk 
resonances  superposed  on  the  main  and  trans¬ 
surface  wave  resonances.  Area  of  the  elec- 
troded  region  (not  shown)  Is  0.425"  X  0.625". 


FIGURE  7.  Same  as  Fig.  6,  but  with  ends  of  the-aub- 
strate  glued  to  luclte  supports.  Note  the 
two  transverse  mode  resonances,  with  super¬ 
imposed  spurious  resonances,  on  the  high 
frequency  side  of  the  main  resonance. 


Fig.  8  Impedance-frequency  curve  of  the  LiNbO,  grating,  showing  the 
peak  of  the  main  resonance  and  a  wlder'portlon  of  the  skirts. 
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MAGNITUDE  OF  IMPEDANCE 


FIGURE  9.  Illustration  of  the  spurious  mode  response 
between  1  MHz  and  3.5  MHz.  Measurements  out 
to  7.5  MHz  showed  a  maximum  spurious  impe¬ 
dance  peak  of  4  kfl  over  this  frequency  range 


FIGURE  10.  Logarithmic  impedance  curve  in  Che  vicin¬ 
ity  of  the  resonance  and  antiresonance 
points. 
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Pl«.  11  Impede nee- frequency  curve  of  unmounted  quartz  grating  on  a 

39.5  "ST"  plate. 


A  NEW  CLASS  OF  QUARTZ  CRYSTAL  OSCILLATOR  CONTROLLED  BY 


SURFACE-SKIMMING  BULK  WAVES 

1 
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The  attractions  of  surface  acoustic  wave  (SAW) 
components  for  use  in  oscillators  and  frequency 
filters  have  been  reported  in  various  papers  presented 
at  the  Annual  Frequency  Control  Symposia  since  1974. 

The  present  paper  describes  an  important  development 
in  this  field  whereby  the  orientation  of  the  substrate 
is  so  chosen  that  the  input  interdigital  transducer 
(I.D.T)  launches  a  bulk  wave  which  skims  along  the 
surface  and  is  received  by  the  output  transducer  long 
before  it  reaches  any  other  surface  of  the  substrate. 
This  new  class  of  component  therefore  superficially 
resembles  the  SAW  component,  and  retains  many  of  its 
attractions,  e.g.  planar  construction  and  design 
flexibility.  In  addition,  however,  it  possesses  a 
number  of  advantages  over  SAW,  especially  in  narrow 
band  filters  and  oscillators.  These  include:  (i) 
higher  velocity  and  lower  propagation  losses,  which 
enable  operation  up  to  about  1 .6  times  the  highest 
SAW  frequency  on  ST-quartz,  (ii)  potentially  superior 
temperature  coefficients,  and  (iii)  insensitivity  to 
surface  contamination  leading  to  lower  long-term 
ageing. 

In  this  paper  we  describe  the  conditions  necessary  for 
a  substrate  to  support  a  our face-skimming  bulk  wave, 
together  with  details  of  the  transduction  and  propa¬ 
gation.  We  show  that  the  attainable  insertion  loss 
can  be  as  low  as  13dB  (conpared  with  10dB  for  a 
typical  SAW  device) ,  and  that  the  frequency  response 
is  closely  related  to  that  of  the  corresponding  SAW 
device.  We  also  cover  the  important  aspect  of  temper¬ 
ature  coefficients  of  delay  on  quartz  and  other  mater¬ 
ials.  The  principles  are  illustrated  by  measurements 
on  surface-skimming  bulk  wave  (S.S.B.WJ  filters  and 
oscillators  operating  at  frequencies  up  to  2.3  GHz. 

Introduction 

The  interdigital  transducer  (I.D.T.)  was  first  intro¬ 
duced  by  Mortley^ 1 '  for  the  transduction  and  reception 
of  bulk'  acoustic  waves  travelling  through  the  volume 
of  a  3-dimensional  solid  sample.  Such  samples  are 
frequently  wedge-shaped,  and  their  principal  applica¬ 
tion  is  as  dispersive  delay  lines  for  use  in  pulse 
compression  radar.  It  was  discovered  by  White  and 
Voltmer(^)  in  1965  that  the  I.D.T.  is  also  an  efficient 
generator  of  surface  acoustic  waves  (SAW)  and  this 
led  to  the  development  of  a  novel  generation  of  planar 
acoustic  wave  devices,  see  for  example,  refs  (3)  and 
(4).  From  the  foregoing  it  is  hardly  surprising  that 
one  of  the  principal  problems  encountered  in  SAW 
devices  arises  from  the  simultaneous  generation  by 
I.D.T.  of  unwanted  bulk  acoustic  waves'?'.  These  bulk 
waves  can  interfere  with  the  required  SAW  response  in 
a  number  of  ways,  and  are  particularly  troublesome 
in  wideband  filters.  A  recent  review  of  the  situation 
has  been  given  by  Milsom'6'. 

Our  own  work  has  been  principally  in  the  field  of  SAW 
oscillators,  in  which  the  SAW  element  is  essentially  a 
narrow-band  filter  with  prescribed  phase  and  amplitude 
response.  In  such  narrow-band  SAW  filters  the  effect 
of  the  bulk  waves  is  often  to  introduce  separate  pas3- 
band(s)  of  similar  shape  to  the  SAW  passband,  but  at 
higher  frequencies,  directly  reflecting  the  higher 
velocity  of  the  bulk  waves,  see  for  example  Fig.  1. 


These  passbands  are  caused  by  those  bulk  wave(s) 
which  can  propagate  with  k-vector  parallel  to  the 
surface  while  still  satisfying  the  surface  boundary 
conditions.  Such  surface -skimming  bulk  waves 
(S.S.B.W.)  travel  with  velocity  and  attenuation 
essentially  unchanged  from  their  values  in  the  infinite 
medium.  It  is,  of  course  possible  to  use  one  of  these 
bulk  wave  responses  rather  than  the  SAW  response  to 
make  a  filter  or  to  control  the  frequency  of  an 
oscillatoi*?q  this  may  be  done,  for  example,  by  timing 
out  the  static  capacitance  of  the  I.D.T. *s  at  one  of 
the  bulk  wave  frequencies,  by  damping  the  SAW  response 
(section  I),  or  by  choosing  a  substrate  orientation 
for  which  the  piezoelectric  coupling  (k?)  of  SAW 
vanishes  (section  5).  Over  the  past  few  years  we  have 
studied  S.S.B.W.  propagation  in  various  orientations 
of  quartz,  LiNbOj  and  LiTaOij,  and  have  developed  a 
detailed  understanding  of  many  of  the  properties  of 
S.S.B.W.  devices  including  excitation,  propagation, 
insertion  loss,  frequency  response  and  temperature 
coefficient  of  frequency  (or  delay).  The  present 
paper  presents  the  results  of  this  study,  and  shows 
that  S.S.B.W.  retain  many  of  the  attractions  of  SAW 
devices  while  offering  a  unique  combination  of 
advantages  over  SAW.  The  paper  is  divided  up  as 
follows : 

Section  I  describes  some  experiments  illustrating 
the  basic  properties  of  S.S.B.W. 

Section  2  discusses  the  effects  of  the  stress- 
free  boundary  conditions  on  the  propagation  of  S.S.B.W. 

Section  3  discusses  two  theoretical  approaches  to 
the  insertion  loss  of  S.S.B.W.  devices  and  shows 
experimentally  that  the  loss  can  be  as  low  as  13dB. 

Section  4  is  concerned  with  the  frequency 
response  of  S.S.B.W.  filters  and  its  relationship 
to  corresponding  SAW  filters. 

Section  3  describes  our  search  for  orientations 
of  piezoelectric  crystals  which  are  favourable  for 
the  propagation  of  S.S.B.W.  and  tne  construction  of 
5.2.1  W.  devices. 

Section  6  describes  miscellaneous  other  experi¬ 
ments  on  S.S.D.W.  devices  which  a»-e  analogues  of 
well-known  SAW  devices. 

Section  7  concludes  the  paper. 

1  .  Some  basic  properties  of  S.S.B.W. 

A  brief  account  of  the  present  work  has  been  reported 
previously'®'.  To  illustrate  the  properties  of 
S.S.B.W.,  consider  the  freouency  response  of  Fig.  la. 
This  is  the  measured  response  of  a  conventional  SAW 
oscillator  filter  made  on  AT-quartz  with  propagation 
along  the  x-axis.  The  filter  comprises  two  uniunod 
..D.T’s,  une  with  100  finger  psirs,  the  other  with  70 
finger  Fairs,  each  with  200A  aperture  and  with  a 
centre-to-centre  separation  of  100A(thereby 
satisfying  the  oscillator  mode-selection  requirement '> 
As  well  as  the  SAW  response  at  170  KHz,  there  are 
clearly  visibla  two  similar  responses  at  275  and 
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309  MHz,  which  frequencies  are  entirely  consistent 
with  the  velocities  of  x-propagating  SAW  and  bulk 


waves  (VSAW  =  3.15,  SKM  =  5.1  and 


V LONGITUDINAL  "  5.7mn/s) .  Notice  that  the  longitudinal 


wave  is  polarised  in  the  surface,  the  fast  shear  wave 


is  polarised  within  a  few  degrees  of  the  sin-face,  and 
that  there  is  no  detectable  response  from  the  slow 
shear  wave  (velocity  3*3  km/s)  which  is  polarised 
(almost)  perpendicular  to  the  surface.  These  observ¬ 


ations  are  true  of  all  the  cuts  investigated  to  date, 
and  are  entirely  consistent  with  the  conclusions  of 
Mitchell!?)  When  absorber  is  added  to  the  15.Xgap 
between  the  I.D.T's  the  SAW  response  is  reduced  by 
>  30dB,  while  the  bulk  wave  responses  are  only  reduced 
by  a  few  decibels  (Fig.  1b).  This  result  strongly 


suggests  that  the  acoustic  propagation  between  the 
I.D.T's  largely  takes  place  below  the  surface  of  the 


substrate . 


As  discussed  in  section  5,  a  suitable  substrate 
orientation  for  the  observation  of  S.S.B.W.  propag¬ 
ation  is  the  AT-cut  of  quartz  with  propagation  perpen¬ 
dicular  to  the  x-axis;  this  cut  has  been  the  work¬ 
horse  of  our  investigations.  Fig.  2(a)  shows  the,-, 
response  of  a  "ladder-type"  SAW  oscillator  filter 
on  this  cut  of  quartz,  and  contains  the  required 
S.S.B.W.  response  as  well  as  a  series  of  plate  modes 
described  by  Wagers'll).  When  the  back  face  of  the 
plate  was  ground  to  a  small  angle,  i.e.  rotated  about 
the  direction  of  propagation,  the  phase  coherence  of 
the  plate  modes  was  destroyed  (Fig.  2b),  but  the 
S.S.B.W.  response  wa6  unaffected.  This  experiment 
shows  a  clear  distinction  between  the  plate  modes 
described  by  Wagers  and  our  own  surface-skimming  bulk 
waves,  which  are  beamed  along  the  surface  and  received 
by  the  output  transducer  long  before  they  reach  the 
lower  surface  of  the  sample.  A  more  detailed  photo¬ 
graph  of  the  S.S.B.W.  response  is  given  in  Fig.  2(c), 
and  it  is  clear  that  this  response  closely  resembles 
the  sinx/x  response  of  the  original  SAW  oscillator 
filter.  We  shall  return  to  this  aspect  of  S.S.B.W. 
devices  in  section  4, 


2.  Propagation  of  S.S.B.W. 

In  order  to  obtain  some  physical  feeling  for  the 
results  to  be  expected  in  real  anisotropic 
(piezoelectric)  crystals,  let  us  first  consider  the 
case  of  an  isotropic  medium.  For  any  direction  of 
propagation  (k  -  vector)  the  bulk  waves  which  can 
propagate  in  The  infinite  medium  are  a  pure  longitud¬ 
inal  wave  and  two  degenerate  pure  shear  waves  of 
arbitrary  polarization  in  the  plane  perpendicular  to 


k.  We  are  seeking  waves  which,  if  propagating  in  an 
identical  form  in  a  finite  substrate  (in  our  case  a 
plate),  satisfy  the  etree-free  boundary  conditions  on 
the  principal  surfaces  of  the  plate.  By  analogy  with 
the  SAW  problem^H'  we  shall  assume  that  if  such  waves 


exist,  they  will  propagate  freely,  and  will  form  the 


basis  of  S.S.B.W.  devices. 


It  is  shown  in  appendix  I  that  for  a  general  isotropic 
medium,  the  surface  boundary  conditions  can  only  be 
satisfied  for  a  shear  wsve  which  is  polarized  in  the 
surface;  such  a  wave  is  frequently  referred  to  as  a 
horizontally-polarized  shear  wave.  This  result  is 
closely  related  to  the  diapers ion- free  propagation 
of  torsional  waves  in  an  isotropic  cylinder' 2) , 
recalling  that  in  the  torsional  mode  all  particle 
motion  is  parallel  to  the  surface. 

When  we  consider  general  anisotropic  crystals  it  is 
more  difficult  to  find  waves  which  satisfy  the 
boundary  conditions  for  two  reasons:- 


( i)  the  elastic  constant  matrix  contains  more  non¬ 
vanishing  elements,  and 

(ii)  the  anisotropy  lifts  the  degeneracy  of  the 
shear  waves  and  fixes  their  polarization  directions 
so  that,  for  an  arbitrary  substrate  orientation  with 
arbitrary  direction  of  propagation,  a  horizontally 
polarized  s"ear  wave  does  not  exist. 

Nevertheless  there  is  still  an  infinite  set  of 
subr.trate  orientations/propagation  directions  which 
do  support  a  horizontally  polarized  (quasi-)  shear 
wave.  To  date  we  have  only  investigated  the  rotated 
Y-cuts  in  crystals  with  the  elastic  symmetry  of 
quartz  (i.e.  including  LiNbO  and  LiTaO  ) .  In  these 
cuts  we  find  (appendix  I)  that  the  conditions  for 
vanishing  surface  stresses  are  often  identical  to  the 
conditions  for  the  shear  wave  polarization  to  lie  in 
the  surface.  This  reinforces  the  conclusion  reached 
from  studying  isotropic  materials  and  6hows  that  a 
good  practical  guide  to  finding  suitable  S.o.B.W. 
substrates  is  to  seek  orientations  which  support 
horizontally-polarized  shear  waves. 

We  need  hardly  add  that  there  exist  other  waves 
which  car.  travel  a  finite  distance  (say  100A  ) 
with  little  -ttenuation  even  though  they  do  not 
exactly  satisfy  the  boundary  conditions;  an  example 
is  the  longitudinal  wave  travelling  on  the  x-axis 
of  AT-quartz,  Fig.  1. 

Experimentally  we  have  demonstrated  the  free  propag¬ 
ation  of  S.S.B.W.  on  AT-quartz  with  propagation 
perpendicular  to  the  x-axis.  The  input  I.'J.T.  has 
an  aperture  of  3^0  A  and  contains  only  7  finger-pairs, 
and  so  approximates  to  a  line  source  of  acoustic 
disturbance.  The  output  I.D.T.  is  a  "ladder" 
transducer  containing  20  "rungs"  each  of  3  finger- 
pairs  and  spaced  every  20A  (the  closest  rung  being 
20Afrom  the  input  I.D.T.).  The  input  transducer  is 
impulsed  and  the  output  waveform  is  shown  in  Fig.  3, 
which  is  the  actual  impulse  response  (voltage  wave¬ 
form)  photographed  on  a  wideband  C.R.O.  It  is 
readily  verified  from  this  photograph  that  the  output 
voltage  goes  as 

V  =  V  (A/R)'  . (1) 

o 

where  R  is  the  pathlength  travelled,  and  corresponds 
to  the  expected  power  decay  from  a  line  source, 

P  =  P  A/R,  derived  on  the  assumption  that  the 
propagation  is  unperturbed  by  the  surface.  The 
situation  is  sketched  below:- 


input 


As  usual,  various  theoretical  approaches  can  be 
adopted  to  calculate  the  performance, including  insert¬ 
ion  loss,  of  S.S.B.W,  devices.  The  most  fundamental 
of  these  is  to  solve  the  complicated  equations  of 
motion  in  the  (piezoelectric)  medium  subject  to  the 
appropriate  elastic  and  electrical  boundary  condit¬ 
ions'®^  .  Milsom  has  recently  applied  this  approach 
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to  one  of  our  S.S.B.W.  devices,  and  his  calculationa 
are  in  respectable  agreement  with  our  measurements 
as  regards  centre  frequency,  bandshape  and  minimum 
insertion  loss  (12 J  dB  as  compared  with  the  measured 
value  of  13  dB^®').  Unfortunately  the  detailed 
results  were  not  available  in  time  to  be  included  in 
this  paper,  but  will  be  published  elsewhere  at  a 
later  date. 

Although  this  rigorous  approach  is  valuable  it  gives 
little  physical  insight  into  the  operation  of  S.S.B.W. 
devices,  and  leaves  one  guessing  as  to  how,  for 
example,  the  output  l.D.T.  is  able  to  extract  as  much 
power  as  it  does  from  a  bulk  wave  which  may  have 
penetrated  many  wavelengths  into  the  substrate. 
Fortunately  there  is  an  alternative  approach  to  the 
problem  which  relies  on  general  properties  of  waves, 
and  which  gives  a  great  deal  of  insight  into  the 
operation  of  S.S.B.W.  devices.  This  approach  is  based 
on  antenna  theory,  and  formed  the  basis  of  our  initial 
qualitative  understanding  of  the  operation  and 
insertion  loss  of  S.S.B.W.  devices,  and  which  allowed 
us  to  desi gn  low-loss  devices  before  the  results  of 
the  rigorous  approach  were  available'®'.  Some  of 
the  elements  of  antenna  theory,  and  its  applications 
to  S.S.B.W.  devices  are  included  in  Appendix  II. 

By  combining  the  rigorous  approach  and  antenna  theory 
one  can  develop  a  sound  understanding  of  the  operation 
of  S.S.B.W.  devices. 

4.  Frequency  response  of  S.S.B.W,  filters. 

One  of  the  attactions  of  SAW  filters  is  the  ease  with 
which  a  bandpass  filter  with  a  required  response  may 
be  designed  by  means  of  a  simple  Fourier  transform. 

As  an  alternative  to  the  use  of  Fourier  transforms  one 
may  calculate  the  response  of  a  given  l.D.T.  at  any 
frequency  by  means  of  a  phasor  diagram  (analogous  to 
the  computation  of  the  response  of  an  optical  diffra¬ 
ction  grating).  Exactly  the  same  procedure  may  be 
used  to  calculate  the  far-field  intensity  of  a  S.S.B.W, 
launched  along  the  surface  towards  the  output  l.D.T. 
(This  procedure  is  related  to  the  calculation  of  the 
aerial  gain  in  appendix  II).  Consequently  we  expect  a 
1:1  relationship  between  the  response  of  a  SAW  filter 
and  a  S.S.B.W.  filter  operating  under  far-field 
conditions,  and  we  have  seen  an  example  of  this  in 
Fig.  2(c).  Similar  results  have  been  obtained  on  a 
SAW/S .S.B.W.  T.V.  filter  with  a  more  complicated  pass- 
band.  We  should,  however,  point  out  two  minor 
differences  between  SAW  and  S.S.B.W.  filters :- 

(i)  In  real  devices  it  may  well  not  be  possible  to 
operate  under  far-field  conditions,  in  which  ease  the 

factor  in  Eq  (1)  must  be  taken  into  account  in 
the  design. 

( ii)  In  the  case  of  SAW  filters  the  "response" 
loosely  referred  to  above  actually  relates  to  the 
series  radiation  resistance,  R  .  In  S.S.B.W.  devices 
the  l.D.T.  launches  bulk  wavesainto  the  medium  of 
the  substrate  at  all  frequencies  above  the  centre  of 
the  S.S.B.W.  response,  and  this  gives  rise  to  a  "tail" 
on  the  high-frequency  side  of  the  R&  plot.  Consequent¬ 
ly  there  is  no  longer  a  1:1  relationship  between  the 
filter  response  and  the  Ra  plot,  and  this  complicates 
the  design  of  S.S.B.W, filters,  especially  when  the 
l.D.T. 's  are  matched  to  the  external  circuit. 

In  general  terms,  however,  we  may  safely  conclude 
that  the  design  of  S.S.B.W.  filters  is  only  a  little 
more  complicated  than  the  design  of  SAW  filters. 


In  seeking  suitable  orientations  to  support  S.S.B.W. 
we  naturally  start  by  considering  the  moat  widely 
used  SAW  piezoelectric  crystals,  quartz,  LINbO-  and 
LiTaOj.  Following  the  discussion  in  Section  2?  we 
shall  concentrate  on  substrate  orientations  which 
support  a  horizontally-polarized  shear  wave.  In 
addition,  we  would  like  the  chosen  orientations  to 
satisfy  as  many  as  possible  of  the  following  criteria  s- 

(a)  Large  piezoelectric  coupling  to  the  horizont¬ 
ally  polarized  shear  wave  (S.S.B.W.) 

(b)  Zero  beam  steering  both  on  the  surface  and 

into  the  volume  (S.S.B.W.) 

(c)  Zero  temperature  coefficient  of  delay  (S.S.B.W.) 

(d)  Zero  piezoelectric  coupling  to  SAW. 

(e)  Zero  piezoelectric  coupling  to  other  bulk 

waves,  or  negligible  propagation  of  these  waves  for 

the  reasons  discussed  in  Section  2  and  appendix  I. 

A  family  of  cuts  of  quartz  satisfying  most  of  these 
criteria  is  the  rotated  y-cuts  with  propagation 
perpendicular  to  the  x-axis.  Here,  the  SAW  coupling 
vanishes  identically,  all  such  cuts  support  an  x- 
polarieed  shear  wave  which  suffers  no  beam  steering 
on  the  surface,  and,  for  two  small  ranges  of  angle  of 
the  rotated  y-cut,  the  temperature  coefficient  of 
delay  in  small.  These  ranges  are  +  30°  to  ♦  40°  and 
-48°  to  -55°  rotated  y-cuts.  These  latter  cute  are 
closely  related  to  the  well  known  AT  and  BT-cuts  of 
conventional  bulk-wave-osc ilia tor  crystal,  but  their 
roles  are  inverted  because,  in  our  new  devices,  the 
propagation  (k-vector)  is  along  the  surface,  rather tfan 
perpendicular  to  the  surface. 

By  good  fortune,  it  also  happens  that  these  cuts 
suffer  a  negligible  beam  steering  into  the  volume  of 
the  material, and  that  the  longitudinal  wave  response 
is  not  detectable,  so  that  very  'clean'  responses  we 
obtained.  Most  of  our  recent  studies,  a.g.  Fig.  2, 
have  therefore  concentrated  on  these  two  cut6  of 
quartz,  especially  the  AT  cut  (+35.3°  rotated  y-cut) 
which  has  essentially  zero  temperature  coefficient  of 
delay  at  room  temperature  in  our  devices,  as  discussed 
below. 

Some  experiments  involving  ST-quartz  with  propagation 
perpendicular  to  the  x-axis  have  recently  been  repci t- 
ed  by  Ten  et  al  Since  the  ST-cut  is  the  +42° 

rotated  Y-cut,  it  is  evident  that  this  cut  is  one 
particular  example  of  the  family  of  cuts  described 
above. 

In  our  own  investigations,  we  have  measured  the 
temperature  coefficient  of  frequency  (or  delay)  on 
the  family  of  rotated  Y-cuts  (all  with  k  perpendic¬ 
ular  to  the  x-axis)  covering  the  range  +33°  to  +  38°, 
as  these  have  inversion  temperatures  in  the  range  of 
interest,  see  Fig. 4.  We  have  also  measured  the 
effective  velocity  (deduced  from  the  centre  frequency 
of  our  S.S.B.W.  response)  and  plotted  the  results 
in  Fig. 5.  Both  these  curves  are  in  close  agreement 
with  the  corresponding  curves  for  bulk  wave  quartz 
crystal  oscillator  plates  '''4),  and  serve  to  verify 
our  interpretation  of  the  principles  of  the  S.S.B.W. 
devices. 

It  is  important  to  add  that  the  measurements  in 
Figs  4  and  3  employed  an  effective  transducer  length 
of  NX  -  2500 to  ensure  the  excitation  of  as  narrow 
an  acoustic  beam  as  possible.  The  angular  spread  of 
k-vectors  (see  sketch  in  section  2)  is  of  order 


260 


e»(2/»)$  radians,  i.e.  S<  2°  in  our  device.  In 
shorter  transducers  the  results  of  Figs.  4  and  5  nay 
be  slightly  modified  because  of  the  excitation  of  a 
wider  range  of  k-vectors.  The  cuts  shown  in  Figs  4(a) 
and  5  correspond  to  the  BT-class  of  conventional 
bulk  wave  oscillator  crystal. 

The  other  range  of  orientations  of  interest  (because 
of  their  small  temperature  coefficient  of  delay)  is 
the  -48°  to  -55°  rotated  y-cuts  (again  with  k 
perpendicular  to  the  x-axis) .  Preliminary  measure¬ 
ments  on  two  such  cuts  have  yielded  a  superior 
temperature  coefficient  to  the  curves  shown  in  Fig  4(a). 
This  is  expected,  ns  the  -48  to  -55  cuts  correspond 
to  the  AT-class  of  conventional  bulk  wave  quarts 
crystal  oscillator.  These  measurements  are  as  yet 
incomplete, but  those  available  are  shown  in  Fig  4(b). 

When  we  consider  LiNbOj  and  LiTaCL  we  find  that 
although  these  materials  have  the'’ same  elastic 
symmetry  as  quartz  they  have  very  different  piezo¬ 
electric  symmetry.  This  is  unfortunate  as  the 
family  of  rotated  y-cuts  with  k  perpendicular  to  the 
x-axis  is  no  longer  ideally  suited  to  S.S.B.W. 
applications.  We  have  therefore  searched  for  other 
orientations  in  these  materials,  which  satisfy  most 
of  the  earlier  criteria  "by  accident",  rather  than 
by  symmetry  as  was  the  case  for  the  rotated  y-cuts 
of  quartz.  To  date  we  have  located  two  suitable 
cuts  of  LiTaO, .  These  employ  the  two  pure  shear 
bulk  waves  which  propagate  on  the  x-axis  of  LiTaO,  in 
the  infinite  medium.  One  is  the  +36°  rotated  y-cut 
with  velocity <"4210  m/s  and  k  parallel  to  the  x-axis. 

The  other  is  the  -54°  rotated  y-cut  with  velocity 
'"3460  m/s  and  k  parallel  to  the  x-axis.  Neither  has 
a  particularly  good  temperature  coefficient,  but  the 
former  has  a  very  high  piezoelectric  coupling  constant 
for  S.S.B.W.  In  each  case  the  piezoelectric  coupling 
to  SAW  is  negligible11", 

6.  Applications  of  S.S.B.W.  devices. 

( i)  Osc ilia tors 

The  properties  of  S.S.B.W.  devices  discussed  in  the 
previous  sections  suggest  th-t  they  are  ideally 
suitable  for  use  as  the  feedback  element  of  a  high 
frequency  oscillator.  In  this  role  they  extend  the 
frequency  coverage  of  SAW  oscillators1"  to  about 
1.6  times  the  previous  upper  limit,  i.e.  from  about 
1.5  GHz  to  2.4  GHz.  Fig  6  shows  the  response  of  two 
such  devices  on  AT-quartz  (with  k  perpendicular  to  the 
x-axis)  and  operating  at  1.766  GHz  and  2.323  GHz 
respectively.  The  principal  experimental  difficulty 
at  these  higher  frequencies  concerns  direct  e.ra. 
breakthrough,  and  special  packages  are  necessary 
to  achieve  satisfactory  results. 

The  insensitivity  to  surface  contamination,  e.g.  Fig.1, 
led  us  to  inquire  whether  the  new  devices  are  less 
prone  to  long-term  aging  than  are  SAW  devices.  Experi¬ 
ments  on  two  such  oscillators  have,  indeed,  shown  a 
reduced  aging  (by  a  factor  of  2-3)  over  the  first  3 
months.  Such  results  are  obviously  preliminary  and 
the  interpretation  is  tentative,  but  they  are,  never¬ 
theless,  encouraging. 

( ii)  S.S.B.W.  resonators 

We  have  seen  in  Section  3  that  the  output  I.D.T.  is 
able  to  couple  strongly  to  the  S.S.B.W.  despite  the 
deep  penetration  of  the  wave  into  the  substrate.  In  a 
similar  manner  an  incident  S.S.B.W.  can  be  reflected 
efficiently  from  a  periodic  perturbation  of  the 
surface,  e.g.  by  the  I.D.T.  or  an  array  of  grooves, 
such  as  is  used  in  SAW  resonators.  We  have  there¬ 
for  fabricated  a  S.S.B.W.  device  from  one  of  Marshall’s 


"all-aluminium"  SAW  resonator  patterns^1®) .  The 
resulting  performance  is  shown  in  Fig.  7  and  verifies 
that  resonator-action  is  taking  place.  The  Q  of  this 
device  was  a  modest  1000,  and  obviously  more  work  is 
necessary  to  provide  devices  with  the  inherent  Q 
of  the  medium  (which,  incidentally,  is  higher  than 
the  inherent  Q  of  a  SAW  resonator  because  of  the 
lower  propagation  losses  of  bulk  waves). 

(iii)  Harmonic  operation  of  S.S.B.W.  devices. 

It  is  well-known  that  the  I.D.T.  or  modifications 
thereof  can  be  used  to  excite  SAW  at  the  fundamental 
and  various  harmonic  frequencies1 1 7) .  For  the 
simplest  I.D.T.,  the  first  strong  harmonic  is  the  5th 
harmonic.  We  have  found  the  same  result  to  be  true 
for  S.S.B.W.,  and  this  leads  to  the  possibility  of 
fabricating  devices  at  even  higher  frequencies  than 
described  in  (i)  above. 

7.  Conclusions 

We  have  described  in  some  detail  the  properties  of 
a  new  class  of  planar  bulk  acoustic  wave  delay  line 
which  has  many  properties  in  common  with  SAW  devices, 
but  certain  advantages  over  SAW  for  particular 
applications.  These  applications  include  high 
frequency  oscillators  and  filters,  and  we  have  demon¬ 
strated  the  production  of  such  devices  at  fundamental 
frequencies  up  to  2.3  GHz.  Although  fundamental 
studies  of  these  devices  are  as  yet  incomplete,  the 
results  obtained  to  date  are  most  promising. 

In  the  immediate  future  we  aim  to  extend  these 
studies  to  cover  the  temperature  coefficients  of  the 
full  range  of  S.S.B.W.  devices  which  are  analogous  to 
the  conventional  AT -cut  of  bulk  wave  oscillator. 

We  shall  also  extend  our  studies  on  LiTaO^  to  see 
if  it  is  possible  to  exploit  the  higher  piezoelectic 
coupling  of  S.S.B.W,  on  this  material  in  filter 
applications.  It  is  also  clear  from  the  text  that  there 
are  still  many  aspects  of  S.S.B.W.  which  warrant 
attention  and  we  hope  to  report  on  some  of  these  at 
a  later  date. 

Appendix  I 

We  are  concerned  with  the  surface  stresses  arising 
from  the  propagation  of  bulk  acoustic  waves  in  a 
finite  substrate  in  the  form  of  a  plate.  Let  the 
plate  normal  be  parallel  to  the  y’-axis,  and  let 
propagation  be  in  the  x'-direction: 


y' 


Ml 


Aosume  that  the  aperture  of  the  acoustic  wavefront  ie 
many  wavelengths  wide  (i.e.  in  the  s' -direction)  so 
that  end  effects  may  be  neglected.  The  surface 
boundary  conditions  that  must  be  satisfied  if  the  wave 
is  to  propagate  freely  are  that  the  stresses  over  the 
y.' -plane  should  vanish,  T1(2,  =  Tg,  =  05  T^,  =  T2,=  o 

and  Tj,2,  =  T^,  =  o. 


(a)  Isotropic  materials 

Consider  first  a  longitudinal  wave.  This  has  only 
one  strain  component  ^ ,  and  this  is  coupled 

to  T2,,  T^,,  Tg,  through  elastic  constants  c.j,2,, 
c.,u,  and  c.,,'  respectively.  For  isotropic  materials 
C1 .4.  =  bu*  C1 12.  =  c12^°  •  Therefore 

the  longitudinal  wave  will  not,  in  general,  satisfy 
the  surface  boundary  conditions. 

Consider  next  a  shear  wave  polarized  at  an  angle  jd 
to  the  z'-axis  as  indicated  in  the  sketch.  Such  a 
wave  has  6train  components  S^ ,  =  S^,  =  ■£  cos  and 

^1'2'  =  ®g<  =  i  sin  These  components  are  coupled 
to  Tg, ,  T^,  and  Tg,  via  the  following  elastic 
constants:- 


Strain/Stress 

T2> 

V 

T6' 

V 

c2'5' 

c4'5' 

c5'6' 

S6' 

c2'6' 

c4'6' 

c6'6* 

For  an  isotropic  naterial  all  these  elastic  constants 
vanish  except  c^.g,  =  e^^o.  It  is  therefore  clear 

that  the  boundary  conditions  are  only  satisfied  if 
Sg,  =  o,  i.e.  if  £  w  o  and  the  shear  wave  is  horizon¬ 
tally-polarized,  in  our  previous  notation. 


( b)  Rotated  y-cut  plates  of  materials  in  Laue  group 

Si 

This  group  includes  quartz,  LiNbOj  and  LiTaO^.  Let  the 

angle  of  rotated  y-cut  be  9.  The  elastic  constants  ,  , 

in  the  new  coordinate  system  have  been  given  by  Sykes'  ’ 
As  in  the  case  of  isotropic  materials  above  consider  a 
shear  wave  polarized  at  an  a:-te  A  to  the  z'-axis  and 
propagating  in  the  x-direeti  The  same  coupling 
constants  appear  as  in  the  tahie  above,  but  now 
Cg,g,  o  and  =  o  only  for  2  particular  values 

of  0.  The  condition  Cg,g,  =  o  requires  that  the  shear 

wave  be  horizontally  polarized.  Examination  of  the 
determinental  equation  of  wave  propagation  in  the 
rotated  coordinate  3ystem  shows  that  the  determinant 
factorizes  for  precisely  those  values  of  •that  make 
Cg,g,  =  o.  In  these  circumstances  the  shear  waves 

are  polarized  exactly  along  the  y'-  and  z'-  axes, 
showing  that  there  are  in  dll  materials  two  particular 
values  of  8  which  support  horizontally-polarized  shear 
waves  which  exactly  satisfy  the  surface -boundary  value 
cond  ttons.  In  quartz  the  appropriate  cuts  are  the 

and  EC  (-59°)  cuts,  which  are  of  course  close 
•-  *ke  .;T  and  AT  cuts,  and  8T  cuts  respectively. 


The  corresponding  cute  in  LiTaO^  are  the  +36°  and 
-54°  rotated  y-cuts  as  discussed  in  section  5. 

Let  us  now  consider  propagation  of  an  x  -polarized 
shear  wave  in  the  z'-direction.  (It  can  be  shown 
that  such  a  wave  always  exists  in  the  infinite 
medium) .  The  only  strain  component  involved  is 
Sj,  and  the  boundary  value  conditions  are  only 

strictly  satisfied  if  =  o,  i.e.  for  precisely 

the  same  rotated  y-cut6  as  found  above  for  x-propa- 
gation.  It  is  evident  from  our  experiments  (Figi2, 
4,5)  that  for  the  ranges  of  rotated  y-cut  studied 
(+33°  to  +38°)  and (-48°  to  -55°)  these  are 
sufficiently  close  to  the  AC  and  BC  cuts  to  allow 
propagation  over  significant  distances.  This  is 
consistent  with  the  fact  that  Cj,g,  remains  small 

for  all  angles  of  rotated  y-cut  quartz. 


Appendix  II 


In  this  appendix  we  study  the  application  of  antenna 
theory' to  the  excitation  and  reception  of 

5.5. B.W.  by  an  I.D.T.  We  know  that  the  boundary  has 
little  or  no  effect  on  the  propagation  of  those 
waves  of  interest,  viz  horizontally  polarized 

5.5. B.W.,  and  therefore  we  may  regard  the  I..'..T.  as 
an  acoustic  aerial  operating  in  a  half-space.  (It 
will  make  little  difference  to  the  argument  if  we 
imagine  that  another  half-space  is  bonded  to  the 
substrate,  and  that  the  I.D.T.  is  therefore  buried 
in  the  medium).  By  analogy  with  e.m.  aerial  theory, 
consider  two  ideal  ISOTROPIC  acoustic  aerials,  I, 
separated  by  a  large  distance,  R,  in  an  isotropic 
medium  that  so  each  is  in  the  far  field  of  the 
other.  Imagine  that  each  aerial  has  its  acoustic 
radiation  resistance  tuned  and  matched  to  the  source/ 
load  impedance.  Then,  for  an  input  power  Pj^,  the 

power  density  falling  on  the  output  aerial  is 
Pin/4h'R2.  It  is  a  basic  result  of  aerial  theory  c 

that  the  effective  cross-sectional  area  of  the 
receiving  isotropic  aerial  is  .  Therefore  the 

output  power  is  given  by 


p 

OUT 


IN 


(4ir  R)2 


(2) 


In  the  case  of  an  I.D.T.  of  length  NA,  it  behaves 
"on  resonance"  like  a  bidirectional  endfire  array 
aerial  which  radiates  a  main  lobe  of  semiangle 
®-(2/N)?  and  with  aerial  gain  in  the  forward 
direction,  G~N/2.  In  these  circumstances  the 
expression  for  Pq(,^  in  Eq  (2)  must  be  multiplied 

by  G1  Gj.  If  we  extrapolate  these  far  field  results 

to  the  case  of  interest  to  SAW  or  S.S.B.W.  oscillators, 
viz  two  identical  I.D.T. 's  of  length  NAand  centre- 
to-centre  separation  NA'°),  we  obtain  from  Eq(2) 
an  insertion  loss  of-'28dB.  Actually  this  calculation 
overestimates  the  loss  because  in  reality  the  aperture 
of  the  I.D.T.'s  is  so  large  that  as  far  as  this 
dimension  is  concerned,  the  aerials  are  in  each 
others  near  field.  In  practice  we  have  made  devices 
on  quartz  and  LiTaOj  with  losses  as  low  as  13  dB, 


The  use  of  this  antenna  theory  approach  not  only 
allows  us  to  design  S.S.B.W.  devices  with  the  minimum 
attainable  insertion  loss,  but  it  gives  us  a  crude 
estimate  of  this  loss,  and  of  the  distribution  of 
acoustic  energy  within  the  device. 
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Fig.1 .  (a)  Transmitted  power  versus  frequency  of  a 
single-mode  SAW  oscillator  delay  line  filter  on  AT- 
quartz  with  propagation  along  the  x-axis.  The  SAW 
response  is  at  170  MHz,  and  the  fa6t  transverse  and 
longitudinal  bulk  wave  responses  at  275  and  309  MHz 
respectively.  Markers  in  the  lower  trace  are 
separated  by  10  MHz. 

(b)  Frequency  response  of  the  same  device  as 
(a)  but  with  absorber  added  in  the  1 5 ^ wide  gap 
between  transducers. 
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Fig.  3.  (a)  Measured  impulse  response  of 
the  device  sketched  in  sect¬ 
ion  2.  Notice  that  the  volt¬ 
age  varies  as  indicated  in  Eq  (1) . 


o 

£  §  5100 


Fig. I*,  (a)  Measured  variation  of  the  frequency  with 
temperature  of  a  series  of  S.S.B.W.  devices  fabricated 
on  rotated  y-cut  quartz  with  propagation  perpendicular 
to  the  x-axis.  The  angles  of  routed  y-cut  are 
indicated  on  each  plot.  It  is  important  to  note  that 
these  measurements  employed  2500  A transducers,  as  dis¬ 
cussed  in  the  text. 

(b)  Preliminary  measurements  of  the  frequency 
versus  temperature  coefficients  of  two  S.S.B.W. 
devices  on  routed  y-«uts  which  are  analogues  of  the 
AT-type  of  bulk  wave  device.  Propagation  is  perpend¬ 
icular  to  the  x-axis. 


ANGLE  OF  ROTATED  T-CtJT  QUARTZ 
PROPAGATION  PERP  TO  X-AXIS 


Fig. 5.  Effective  velocity  versus  orientation  for  the 
S.S.B.W.  devices  whose  temperature  coefficients  are 
shown  in  Fig. 4. (a). 
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Fig. 6.  («)  Frequency  response  of  a  1.766  GHz  S.S.B.W. 
oscillator  filter  nade  an  AT-quartz  with  propagation 
perpendicular  to  the  x-axia.  Total  ecan  illustrated: - 
30  MHz. 

(b)  Frequency  response  of  a  2.323  GHz  S.S.B.W. 
filter  on  the  sane  substrate  orientation  as  (a) .  Total 
scan  illustrated:-  20  MHz. 


Fig. 7.  Response  of  an  experimental  S.S.B.W.  two-port 
resonator.  The  substrate  is  AT-quartz  with  propag¬ 
ation  perpendicular  to  the  x-axls.  The  full  width  at 
-3dB  points  is  130  kHz.  The  corresponding  width  for 
the  transducers  alone  is  1 .5  KHz.  The  centre 
frequency  is  151  KHz,  and  Barkers  in  the  lower  trace 
are  separated  by  1MHz. 


INTERDIGITAL  TRANSDUCERS— 

A  MEANS  OF  EFFICIENT  BULK  WAVE  EXCITATION 


K.  H.  Yen,  K.  L.  Wang,  R.  S.  Kagiwada,  and  K.  F.  Lau 
TRW  Defense  and  Space  Systems  Group 
Redondo  Beach,  California  • 


Incerdigital  transducers  (IDT)  can  efficiently 
generate  and  detect  surface  acoustic  waves  (SAW)  as 
well  as  bulk  waves.  The  spurious  generation  of  bulk 
waves  is  undesirable  for  SAW  device  applications. 
Bulk-wave  excitation  in  SAW  devices  has  been  theore¬ 
tically  and  experimentally  investigated,  and  some  tech¬ 
niques  for  their  reduction  and  suppression  have  been 
suggested.  However,  bulk  waves  can  be  used  to  play  a 
useful  role  in  device  applications.  We  present  the 
experimental  results  for  the  efficient  excitation  and 
detection  of  a  bulk  wave  by  SAW  IDT's  on  rotated 
Y-cut  quartz. 

Both  apodlzed  and  unapodized  interdigital  trans¬ 
ducers  were  used  for  the  delay  lines .  The  transducers 
were  operated  at  fundamental  and  higher  harmonic  fre¬ 
quencies.  The  experimental  results  show  that  the 
efficiency  of  excitation  is  comparable  to  that  of 
SAW's  on  rotated  Y-cut  quartz.  The  responses  were 
free  of  spurious  responses.  These  efficient  excita¬ 
tions  of  bulk  waves  do  not  require  a  piezoelectric 
overlay  such  as  ZnO  on  the  transducer  to  enhance  the 
coupling  efficiency.  The  center  frequency  is  about 
1.6  times  higher  than  that  of  an  X-propagated  SAW 
device  using  an  identical  IDT. 

It  has  been  experimentally  determined  that  these 
bulk  waves  propagate  close  to  the  surface  of  the  sub¬ 
strate.  The  energy  is  beamed  directly  from  one  trans¬ 
ducer  to  the  other.  These  shallow  bulk  acoustic  waves 
(SBAW)  are  insensitive  to  the  surface  contamination 
and  crystal  dimension.  They  respond  at  higher  fre¬ 
quencies  and  will  be  more  temperature-stable  than  SAW 
devices.  Thus,  devices  using  SBAW  can  be  expected  to 
combine  some  of  the  best  features  of  both  the  bulk 
crystal  technology  and  the  surface  acoustic  wave 
technology . 

Introduction 

Interdlgltal  transducers  (IDT)  can  be  used  to 
generate  and  detect  surface  acoustic  waves  (SAW)  and 
bulk  waves. 1-7  For  SAW  devices,  the  generation  of 
bulk  waves  is  undesirable.  This  is  because  bulk  waves 
give  rise  to  spurious  signals  and  unwanted  loss .  Many 
theoretical  and  experimental  investigations  have  been 
done  in  this  area  in  order  to  develop  techniques  to 
suppress  them. 5.6 ,7  For  example,  it  has  been  found 
that  bulk  waves  reflected  from  the  bottom  face  can 
usually  be  removed  by  tapering  the  substrate.  But 
bulk  wavss  traveling  at  a  shallow  angle  to  the  sur¬ 
face  and  beaming  directly  to  the  output  transducer 
are  difficult  to  deal  with.  However,  we  have  recent¬ 
ly  realized  that  such  bulk  waves  traveling  at  a  shal¬ 
low  angle  to  the  surface  can  also  be  utilized  to  play 
a  useful  role  in  device  applications.  By  choosing 
the  correct  piezoelectric  material  and  crystallo¬ 
graphic  orientation,  we  have  produced  a  new  family 
of  planar  bulk  wave  devices  employing  SAW  inter- 
digital  transducers. 

The  successful  operation  of  the  planar  bulk  wave 
davlces  is  due  to  the  efficient  generation  and  detec¬ 
tion  of  the  "Shallov  Bulk  Acoustic  Weves"  (SBAW)  by 


interdlgltal  transducers.  This  type  of  bulk  wave 
travels  close  to  the  surface  of  the  substrate  and  is 
beamed  directly  from  one  transducer  to  the  other.  In 
the  case  of  rotated  Y-cut  quartz,  these  SBAW's  can  be 
generated  and  detected  at  frequencies  1.6  times  higher 
than  the  corresponding  SAW's  using  identical  IDT's. 
This  greatly  reduces  the  llnewldth  resolution  for 
IDT's.  Furthermore,  experimental  evidence  Indicates 
that  SBAW  can  be  manipulated  in  ways  similar  to  SAW's. 
Thus,  devices  using  SBAW  can  be  expected  to  combine 
desirable  features  of  both  the  bulk  crystal  technology 
and  the  surface  acoustic  wave  technology. 

The  Nature  of  the  Shallow  Bulk  Acoustic  Waves 

Recently,  Mllson,  et  al.  have  shown  that  horizon¬ 
tally  polarized  shear  waves  can  be  generated  and  de¬ 
tected  on  PZT-4  and  41*-rotated  YX-LiNbO^  by  int ^r- 
digltal  transducers. ®  These  waves  have  simple 
transverse  particle  motion  and  high  coupling  co¬ 
efficient.  They  travel  in  the  direction  of  Bleustein- 
Gulyaev  mode  orientation.  On  PZT-4,  with  a  free 
surface  between  transducers,  the  bulk  shear  waves 
propagate  with  the  main  lobe  of  radiation  almost 
parallel  to  the  surface  of  the  substrate.  On  41°- 
rotated  YX-LiNbOj,  the  presence  of  the  bulk  shear 
waves  causes  passband  distortion  of  Bleustein-Gulyaev 
wave  devices.  However,  we  have  recently  shown  that 
these  shallow  bulk  acoustic  waves  can  also  be  utilized 
to  play  a  useful  role  in  device  applications. 


For  example,  condition  (1)  is  satisfied  by  the 
family  of  Y-cut  quartz  with  the  SBAW  traveling  90“ 
from  the  X-axis. l®  But  there  is  no  SBAW  excitation 
in  this  direction  because  the  second  condition  is 
not  met.*-*  On  the  other  hand,  SBAW's  can  be  generated 
by  SAW  IDT's  on  rotated  Y-cut  quartz  in  which  both 
conditions  are  satisfied. 


Advantages  of  Shallow  Bulk  Acoustic  Wave  Devices 

SBAW  devices  combine  many  good  features  of  both 
the  bulk  acoustic  wave  device  and  surface  acoustic 


In  order  to  minimize  spurious  responses,  the 
basic  conditions  for  shallow  bulk  acoustic  waves 
excitation  are: 

1.  Zero  piezoelectric  coupling  to  surface 
acoustic  waves. 

2 .  Nonzero  piezoelectric  coupling  to  bulk 
acoustic  waves. 


The  surface  amplitude  of  the  shallow  bulk  acous¬ 
tic  waves  is  a  Hankel  function  which  decays  as  the 
Inverse  square  root  of  distance.  The  output  power 
therefore  depends  on  transducer  separation  L  and 
varies  as  P  -  P0X/L.  Hence,  the  insertion  loss  of 
SBAW  devices  is  a  function  of  transducer  separation. 

The  shallow  bulk  acoustic  wave  is  a  pure  shear 
wave.  Thus,  all  the  shear  type  crystal  orientations 
may  be  used  to  generate  these  waves.  For  example, 
both  AT-  and  BT-cut-  quartz  can  be  used  for  SBAW 
devices.  These  devices  will  have  better  temperature 
stability  than  do  SAW's. 


wave  device.  More  specifically,  Che  advantages  of  Che 
shallow  bulk  acoustic  wave  devices  over  normal  bulk 
wave  devices  are : 


•  Higher  frequency  of  operation 

a  Weighted  frequency  response  (time  domain) 

•  Operating  frequency  Independent  of  crystal 
dimensions 

•  Free  of  surface  contaminations 

a  Lower  spurious  response 

a  Planar  structure 

a  mechanically  rugged  structure 
a  good  mechanical  and  thermal  contact 
a  readily  fabricated  using  semiconductor 
technique  (made  easily  and  cheaply) 
a  readily  integrated  with  microelectronic 
components 

Advantages  of  shallow  bulk  acoustic  wave  devices 
over  surface  acoustic  wave  devices  are: 

a  Higher  operating  frequency  (orientation- 
dependent) 

a  High  temperature  stability  (orientation- 
dependent) 

a  Lower  spurious  response 

a  Free  of  surface  contaminations 

A  temperature-stable  orientation  is  already 
available  in  AT-cut  quartz.  The  AT-cut  bulk  crystal 
cut  has  a  temperature  coefficient  superior  to  that  of 
ST-cut  quartz,  which  is  the  best  temperature-stable 
material  for  SAW  devices. 


The  outlook  is  favorable  for  finding  materials 
which  possess  orientations  that  are  highiv  temperature- 
stable  and  have  high  conversion  efficiency. 


Experimental  Arrangement  and  Results  — 

SBAW  Delay  Lines 

Until  recently,  bulk  wave  excitations  by  inter¬ 
digital  transducers  have  been  studied  only  with  the 
aim  of  trying  to  eliminate  them.  We  have  recently 
pointed  out  that  bulk  waves  can  be  utilized  to  con¬ 
struct  a  wide  variety  of  devices.®  These  shallow  bulk 
acoustic  wave  devices  will  have  device  performances 
which  will  exceed  those  of  bulk  crystals  and  surface 
acoustic  wave  devices. 


The  experiments  on  shallow  bulk  acoustic  wave 
devices  -»re  done  on  ST-cut  quartz  and  34'36’  rotated 
Y-cut  quar  These  quartz  substrates  were  polished 
on  one  surface  with  the  standard  Valtec  surface  acous¬ 
tic  wave  finish.  All  the  quartz  samples  were  X-rayed 
to  verify  the  crystallographic  orientation.  The  same 
photomasks  for  the  a ?lay  lines  were  used  to  fabricate 
in  both  the  X-dlrection  and  the  90'  rotated  direction 
on  the  same  quartz  substrate.  The  X-propagatlon  di¬ 
rection  excited  the  surface  acoustic  waves,  while  the 
90'  rotated  direction  excited  the  shallow  bulk  acous¬ 
tic  waves.  In  these  experiments,  existing  SAW  delay 
line  photomasks  were  used  in  fabricating  these  devices 
No  attempt  was  made  to  optimize  the  shallow  bulk 
acoustic  wave's  response.  A  more  thorough  theoretical 
and  experimental  analysis  is  presently  being  under¬ 
taken  . 


The  first  delay  line  used  to  excite  shallow  bulk 
acoustic  waves  consisted  of  two  conventional  SAW  lnter- 
dlgital  transducers.  One  transducer  has  a  total  of  74 
finger  pairs,  the  other  has  106  finger  pairs.  Each 
transducer  has  a  periodicity  of  12,628  pm,  and  the 
center-to-center  separation  between  transducers  is 
1.34  mm.  The  delay  line  was  fabricated  90°  from  the 
X-axiB.  The  response  of  this  device  is  shown  in 
Figure  1.  This  delay  line  was  designed  to  operate  at 
250  MHz  on  X-propagated  ST-cut  quartz.  When  the  propa¬ 
gation  direction  was  rotated  90°  with  respect  to  the 
X-axis,  the  delay  line  responded  at  393.65  MHz  ('v  1.6 
times  higher).  The  unmatched  insertion  loss  is  about 
16  dB  (same  as  the  propagated  SAW  delay  line) .  The  ^ 
frequency  response  shown  in  Figure  1  is  not  a  (sin  X/X) 
function.  The  asymmetry  in  frequency  response  is  due 
to  the  fact  that  the  plate  modes  exist  in  the  substrate. 
These  plate  modes  can  be  eliminated  by  tapering  or 
sandblasting  the  bottom  surface  of  the  substrate. 

The  shallow  bulk  acoustic  waves  have  no  spurious 
responses.  This  is  demonstrated  in  Figure  2,  which 
shows  the  response  of  the  same  device  with  a  frequency 
from  200  to  600  MHz.  The  measured  temperature  coeffi¬ 
cient  of  delay  of  this  SBAW  delay  line  is  about 
28  ppm/'C.  This  is  already  smaller  than  many  commonly 
used  SAW  substrates  such  as  YZ-LiNbO~  and  YZ-LiTaOj. 

On  rotated  34"36’  Y-cut  quartz,  the  SBAW  excited  by 
the  same  delay  line  has  the  frequency  response  shown 
in  Figure  3.  The  insertion  loss  is  about  14  dB  (same 
as  X-propagated  SAW).  The  center  frequency  is  again 
about  1.6  times  higher  than  that  of  X-propagated  SAW. 

Figure  4  shows  the  frequency  response  of  a  SBAW 
delay  line  using  two  45  finger-pair  transducers.  The 
separation  between  transducers  was  0.7  mm.  The  in¬ 
sertion  loss  is  about  14  dB,  which  is  about  14  dB  less 
than  that  of  X-propagated  SAW’s.  The  lower  insertion 
loss  is  due  to  the  fact  that  SBAW  has  a  higher  piezo¬ 
electric  coupling  constant. 

Thinned  electrode  transducers  with  and  without 
apodization  have  also  been  utilized  to  excite  shallow 
bulk  acoustic  waves. ^  A  delay  line  consisting  of 
two  thinned  electrode  transducers,  one  without  apodiz¬ 
ation  and  the  other  with  apodization,  was  fabricated 
on  ST-cut  quartz  with  the  propagation  direction  90° 
from  the  X-axis.  One  transducer  has  37  sections  and 
5  fingers  per  section.  The  other  transducer  has  40 
sections  and  8  fingers  per  section.  The  latter  trans¬ 
ducer  was  also  weighted  with  a  Hamming  function.  The 
periodicity  of  the  electrodes  was  2.84  um  and  the 
center-to-center  separation  between  transducers  was 
6.25  mm.  This  delay  line  was  designed  to  operate  at 
277.5  MHz  on  X-propagated  ST-cut  quartz.  The  fre¬ 
quency  response  of  the  90°  rotated  transducer  is 
shown  in  Figure  5.  The  center  frequency  is  439  MHz 
and  the  insertion  loss  about  29  dB.  The  frequency 
response  for  the  SAW  delay  line  propagated  along  the 
X-direction  was  in  good  agreement  with  theory.  Its 
untuned  insertion  loss  was  18  dB. 

The  frequency  response  of  other  Hamming  function 
weighted  delay  lines  is  shown  in  Figure  6.  The  delay 
line  consists  of  Hamming  function  weighted  4-finger 
per  period  transducers  of  160  finger  pairs  and  3- 
flnger  per  period  transducers  of  80  pairs. The 
center-to-center  separation  is  7.082  mm.  The  untuned 
insertion  loss  is  about  30  dB,  which  is  about  6  dB 
higher  than  that  of  X-propagated  SAW.  The  spurious 
response  shown  in  Figure  6  is  due  to  plate  modes, 
which  can  be  eliminated  by  tapering  the  bottom  face 
of  the  substrate. 

Multi-electrode  transducers  operating  on  their 
higher  harmonics  were  also  successfully  used  to 
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generate  and  detect  shallow  bulk  acoustic  waves.  A 
delay  line  consisting  of  a  4-finger  transducer  and  a 
3-finger  transducer  was  fabricated  on  ST-cut  quartz. 

The  4-finger  transducer  had  37  periods  and  was  ex¬ 
cited  at  its  9th  harmonic.  The  3-finger  transducer 
had  63  periods  and  operated  at  its  8th  harmonic. ^ 

The  center- to-cen ter  separation  between  transducers 
was  3.16  mm.  A  surface  acoustic  wave  delay  line  fabri¬ 
cated  along  the  X-direction  responded  at  300  MHz.  Its 
measured  insertion  loss  was  40  dB,  which  agreed  very 
well  with  calculated  figures.  The  response  of  the 
shallow  bulk  acoustic  wave,  rotated  90*  from  the  X- 
direction,  is  shown  in  Figure  7.  The  center  frequency 
was  about  790  MHz  and  the  untuned  insertion  loss  was 
42  dB. 

Finally,  Figure  8  shows  the  frequency  response  of 
a  1.77  GHz  SBAW  delay  line.  This  delay  line  consisted 
of  two  thinned  electrode  transducers.  One  has  10  sec¬ 
tions,  4  finger  pairs  per  section;  the  other  has  14 
sections,  4  finger  pairs  per  section.  The  periodicity 
of  the  electrodes  was  0.7  pm  and  the  center-to-center 
separation  between  transducers  was  .5  mm.  The  delay 
line  was  operated  at  fundamental  frequency.  The  inser¬ 
tion  loss  is  about  4  dB  less  than  that  of  X-propagated 
SAW  which  has  a  center  frequency  of  1.1  GHz.  This 
delay  line  clearly  shows  the  advantage  of  using  SBAW 
at  high  frequencies.  It  greatly  reduces  the  finger 
width  resolution  of  the  Interdigital  transducers. 

Conclusion 

The  efficient  excitation  and  detection  of  shallow 
bulk  acoustic  waves  described  here  does  not  require  a 
piezoelectric  overlay  film  such  as  ZnO  on  the  trans¬ 
ducers  to  enhance  the  coupling  efficiency.  The  center 
frequency  of  operation  on  rotated  Y-cut  quartz  is 
about  1.6  times  higher  than  that  of  SAW's  using  iden¬ 
tical  interdigital  transducers.  There  are  many  advan¬ 
tages  of  SBAW  devices  over  both  bulk  waves  and  SAW 
devices.  One  is  very  optimistic  about  finding  mater¬ 
ials  which  possess  orientations  that  are  highly  temper¬ 
ature-stable  and  have  high  conversion  efficiency.  SBAW 
oscillators  using  AT-cut  quartz  should  have  device  per¬ 
formance  better  than  that  of  SAW  oscillators  using 
ST-cut  quartz.  Because  SBAW  travels  close  to  the  sur¬ 
face  of  the  substrate,  one  would  expect  that  many  SAM 
device  applications  can  be  carried  over  to  SBAW's. 


References 

1.  R.  S.  Wagers,  "Analysis  of  Acoustic  Bulk  Mode  Ex¬ 
citation  by  Interdigital  Transducers,"  Appl.  Phys. 
Letters,  Vol.  24 ,  No.  9,  pp.  401-403,  1  May  1974. 


2.  R.  S.  Wagers,  "Plate  Mode  Coupling  in  Acoustic 
Surface  Wave  Devices,"  IEEE  Sonlcs  and  Ultrasonics, 
Vol.  SU-23.  No.  2,  pp.  113-127. 

3.  R.  Milsom,  J.  Heighway,  N.  Reilly,  and  M.  Redwood, 
"Comparison  of  Exact  Theoretical  Predictions  and 
Experimental  Results  for  Interdigital  Transducers," 
Proc.  of  IEEE  Ultrasonic  Symposium,  Milwaukee, 
Wisconsin,  1974,  pp.  406-411. 

4.  M.  R.  Daniel,  "Acoustic  Radiation  from  a  High  Cou¬ 
pling  Cut  of  Lithium  Niobate,"  J.  of  Appl.  Physics, 
Vol.  44,  No.  7,  pp.  2942-2945,  July  1973. 

5.  M.  R.  Daniel,  P.  R.  Emtage,  and  T.  deKlerk,  "Acous¬ 
tic  Radiation  by  Interdlgltated  Grids  on  LiNbOj," 
Proc.  of  IEEE  Ultrasonic  Symposium,  Boston,  Massa¬ 
chusetts,  1972,  pp.  392-395. 

6.  R.  F.  Mitchell,  "Spurious  Bulk  Wave  Signals  In 
Acoustic  Surface  Wave  Devices,"  Proc.  of  IEEE 
Ultrasonic  Symposium,  Los  Angeles,  California,  1975 
pp.  469-470. 

7.  A.  L.  Nalamwar,  M.  Epstein,  and  R.  S.  Wagers,  "Effi 
cient  Excitation  of  Shear  Bulk  Waves  by  Thln-Fllm 
ZnO  ID  Transducers,"  Proc.  of  IEEE  Ultrasonic  Sym¬ 
posium,  Los  Angeles,  California,  1975,  pp.  469-470. 

8.  K.  H.  Yen,  X.  L.  Wang,  and  R.  S.  Kaglwada,  "Effi¬ 
cient  Bulk  Wave  Excitation  on  ST-Quartz,"  Elec¬ 
tronics  Letters,  Vol.  13,  pp.  37-38,  1977. 

9.  R.  F.  Mllson,  N.  H.  C.  Reilly,  and  M.  Redwood, 
"Analysis  of  Generation  and  Detection  of  Surface 
and  Bulk  Acoustic  Waves  by  Interdlgltal  Trans¬ 
ducers,”  IEEE  Trans,  on  Sonlcs  and  Ultrasonics, 
SU-24 ,  No.  3,  pp.  147-166,  May  1977. 

0 

10.  A.  J.  Slobodnlk,  Jr.,  E.  D.  Conway  and  R.  T.  Del- 
monico,  "Microwave  Acoustic  Handbook,"  Vol.  1A, 
Surface  Wave  Velocities,  AFCRL-TR-73-0597 . 

11.  B.  A.  Auld,  "Acoustic  Fields  and  Waves  in  Solids," 
Vol.  1,  p.  308. 

12.  K.  R.  Laker,  A.  J.  Budreau  and  P.  H.  Carr,  "Inter¬ 
connecting  SAW  Filters  for  Low  Loss  Frequency  Mul¬ 
tiplexers  and  Frequency  Synthesizers,"  Proc.  of 
IEEE  Ultrasonic  Symposium,  Milwaukee,  Wisconsin, 
1974,  pp.  161-163. 

13.  S.  J.  Kerbel,  "Design  of  Harmonic  Surface  Acoustic 
Wave  (SAW)  Oscillators  Without  External  Filtering 
and  New  Data  on  the  Temperature  Coefficient  of 
Quartz,"  Proc.  of  IEEE  Ultrasonic  Symposium, 
Milwaukee,  Wisconsin,  1974,  pp.  276-281. 


IMHIION  LOSS  m 


FIGURE  5 


MMUtNCY  (MM) 


SURFACE  ACOUSTIC  WAVE  SCATTERING  FROM  A  GROOVE  IN  Y-Z  LiNb03 

S.D.  Wu  and  H.S.  Tuan 
Department  of  Electrical  Engineering 
State  University  of  New  York  at  Stony  Brook 


Summary 

The  previously  reported  treatment  of  SAW  scatter¬ 
ing  from  a  groove  employs  a  substrate  which  is  purely 
elastic  and  isotropic.  Using  the  theory  to  study  a 
groove  in  a  Y-Z  LiNbO,,  it  is  necessary  to  replace  the 
piezoelectric  substrate  by  an  equivalent  isotropic  one 
with  some  equivalent  material  parameters.  Although 
this  approach  simplifies  the  analysis  of  a  complicated 
problem,  however,  it  does  not  put  the  scattering  char¬ 
acteristics  "directly"  in  terms  of  the  basic  material 
constants  of  the  crystal  substrate .  The  present  paper 
is  directed  to  overcome  the  aforementioned  shortcome. 

It  presents  a  theory  of  SAW  scattering  from  a  shallow 
groove  in  a  Y-Z  LiNbO  ,  which  includes  both  the  elastic 
anisotropy  and  piezoelectric  effects. 

The  guided  surface  mode  in  a  LiNbO  is  called  a 
generalized  Rayleigh  wave  due  to  the  transverse  decay¬ 
ing  constants  being  complex.  In  this  paper,  an  incident 
generalized  Rayleigh  wave  is  assumed  to  be  propagating 
along  the  Z  axis  of  a  Y  cut  LiNbO^,  and  incident  on  a 
shallow  groove.  The  SAW  scattering  properties  are 
studied  by  using  a  perturbation  approach.  The  total 
acoustic  and  electric  fields  may  be  represented  by  an 
infinite  sum  of  different  order  of  scattered  fields  and 
the  incident  SAW.  Boundary  conditions  needed  for  each 
order  of  the  scattered  fields  are  obtained  systematic¬ 
ally  from  the  perturbation  calculation.  These  condi¬ 
tions  correspond  to  induced  equivalent  elastic  and 
eleccric  sources  on  an  ungroo'ved  surface.  Thus,  the 
determination  of  each  order  scattered  fields  is  trans¬ 
formed  into  a  problem  of  acoustic  wave  excitation  with 
prescribed  source  distributions,  which  may  be  solved  by 
the  usual  Fourier  transform  technique. 

In  this  paper,  the  general  formulation  of  the  SAW 
scattering  from  a  groove  in  a  Y-Z  LiNbO^  is  presented. 
The  first  order  scattered  fields  are  studied.  Numeri¬ 
cal  evaluation  of  the  reflection  coefficient  for  a 
rectangular-like  groove  is  obtained  which  agrees  quite 
closely  with  experimental  observations. 

Introduction 


sent  paper  is  directed  to  overcome  the  aforementioned 
shortcome.  It  presents  a  theory  of  SAW  scattering  from 
a  shallow  groove  in  a  Y-Z  LiNbO, ,  which  includes  both 
the  elastic  anisotropy  and  piezoelectric  effects. 

The  propagation  characteristics  of  SAW  in  a  piezo¬ 
electric  substrate  was  first  treated  by  Coquin  and 
Tiersten  [5]  in  connection  to  the  problem  of  SAW  exci¬ 
tation  in  Quartz,  then  by  Tseng  and  White  [6]  on  the 
basal  plane  of  hexagonal  crystals  and  by  Campbell  and 
Jones  [7]  in  the  general  direction  of  a  trigonal  crystal 
such  as  LiNbO,.  The  guided  surface  wave  is  called  a 
generalized  Rayleigh  wave  due  to  the  transverse  decay¬ 
ing  constants  being  complex  for  both  elastic  displace¬ 
ments  and  electric  field  components.  The  scope  of  the 
present  paper  is  confined  to  a  formulation  of  the 
scattering  problem  from  a  single  groove  in  a  piezoelec¬ 
tric  substrate  with  an  incident  generalized  Rayleigh 
wave.  Numerical  computation  of  the  reflection  coeffi¬ 
cient  is  also  carried  out  which  agrees  well  with  experi¬ 
mental  observations  [8] 

The  Incident  Rayleigh  Wave 

The  goemetry  of  the  problem  is  shown  in  figure  1. 

A  generalized  Rayleigh  wave  is  incident  from  left  to 
right  along  the  Z  axis  on  the  surface  of  a  Y-cut 
LiNbO,  substrate  which  occupies  the  space  y<o .  The 
coordinate  system  x,y,z  is  chosen  to  coincide  with  the 
crystal  axes  X,Y  and  Z  such  that  the  stiffness  con¬ 
stants,  piezoelectric  stress  constants  and  permittivity 
constants  of  the  crystal  remain  unchanged .  A  two  di- 
dimensional  problem  is  considered  so  that  there  is  no 
variation  in  the  x  direction.  The  linear  piezoelectric 
constitutive  relation  and  the  equation  of  motion  for 
LiNbOj  are 
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Based  on  the  scattering  properties  of  a  single 
groove,  an  array  of  shallow  grooves  can  be  used  as  a 
coherent  surface  acoustic  wave  (SAW)  reflector.  Using 
this  property,  an  important  class  of  SAW  devices  have 
been  developed  recently.  A  few  of  the  well-known  ex¬ 
amples  are  the  pulse  compression  filters,  bandpass  fil¬ 
ters  and  high  Q  resonators.  Since  a  single  groove  is  a 
building  block  for  an  array,  a  thorough  understanding 
of  its  characteristics  is  both  important  and  useful. 

The  previously  reported  treatment  [1-3]  of  SAW  scatter¬ 
ing  from  a  groove  employs  a  substrate  which  is  purely 
elastic  and  isotropic.  Using  the  theory  to  study  a 
groove  ir.  a  Y-Z  LiNbO,,  it  is  necessary  to  replace  the 
piezoelectric  substrate  by  an  equivalent  isotropic 
one  with  some  equivalent  material  parameters  [It],  Al¬ 
though  this  approach  simplifies  the  analysis  of  a  very 
complicated  problem,  however,  it  does  not  put  the  scat¬ 
tering  characteristics  "directly"  in  terms  of  the  basic 
material  constants  of  the  crystal  substrate.  The  pre¬ 


i,J  ,k ,£=x,y ,z 

where  T£J  ,  Sk£,  E^ ,  D .  ,  C1Jk£,  e  ,  ciR  and  o 
correspond  to  stress  tensor,  strain  tensor,  electric 
field,  electric  displacement,  stiffness  tensor,  pie¬ 
zoelectric  stress  tensor,  permittivity  tensor  and  the 
mass  density  of  LiNbO-  respectively.  With  a  quasi¬ 
static  approximation  for  the  electromagnetic  part  of 
the  problem,  a  scalar  potential  <t  is  introduced  which 
satisfies  Gauss  Law 

Di>;  =  0  (it) 

For  the  time  dependence  e~li0t  and  the  appropriate 
mechanical  and  electrical  boundary  conditions  on  an  un¬ 
grooved  surlace  at  y=o,  the  incident  plane  wave  solu¬ 
tions  for  particle  displacements  U^^  and  U2^  and  static 
electric  potential  satisfying  equations vD-ik)  may  be 
cast  in  the  following  form; 


•The  work  was  supported  by  the  National  Science  Founda¬ 
tion  under  Grant  NSF-ENO-750**391- 
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where  q  's  are  complex  having  positive  real  parts, 
kg  =  m/v^,  and  vg  is  the  surface  wave  velocity,  m , ,  p 
and  Yj  are  known  constants,  and  is  the  amplitude  o: 
the  incident  wave.  The  amplitude  distributions  of 
particle  displacements  and  electric  field  intensities 
are  shown  in  figures  2  and  3. 


Scattering  from  a  Single  Groove 


Groove  Geometry 

As  shown  in  figure  1,  the  grooved  surface  is 
specified  by 

S(y,z)  -  y  -  Xef(z)  =  o  (6) 

where  X  la  the  incident  Rayleigh  wavelength,  f(z)  is 
chosen  to  be  an  even  function  of  z  with  a  maximum  nega¬ 
tive  value  f(o)=-l,  and  t  is  a  small  number  e«l  ao 
that  the  maximum  groove  depth  h=cX  is  small  compared  to 
X.  The  groove,  with  a  width  approximately  equal  to  2a, 
is  not  precisely  a  rectangle.  The  deviation  from  a 
perfect  rectangular  shape  is  measured  by  the  parameter 
1. 


Tyy  “  Sl(o*z) 


Tyz  -  S2(o.z) 


Dy2  "  Dyi  =  s3(o*z) 


where  S^,  S-  and  S,  are  the  equivalent  mechanical 
stress  sources  andJinduced  electric  charge  density  on 
the  ungrooved  surface  y=o  which  generate  Uyi,  U2i  and 
.  These  sources  depend  on  the  incident  wave,  geo¬ 
metry  of  the  groove  profile  and  material  parameters  of 
the  substrate.  The  first  order  solution  expressed  in 
its  Fourier  transform  form  may  be  shown  to  be  given  by 


U-ify.k)  =  l  a  (k) 
y  j=l  -1 


qjky 


3  q,ky 

uzi(y*k)  =  pj  °j(k)  e 


(9) 


My.k)  =  l  r.  a, 
J“1  "  * 


(k) 


q,ky 


where  q , ,  p  and  r,  are  defined  the  same  way  as  for 
incident 


On  the  ungrooved  surface,  the  boundary  conditions 
in  Fourier  transform  domain  yields  the  following  vector 
equation: 

H.a  * 


Boundary  Perturbation  Formulation 


A  generalized  Rayleigh  wave  given  by  Eq.  (5)  is 
incident  on  the  groove  specified  by  Eq.  (6).  On  the 
grooved  surface,  the  Incident  wave  does  not  satisfy  the 
boundary  conditions.  As  a  result,  additional  solutions 
are  introduced  with  the  total  fields  represented  by 


♦  I  «“  V. 
iopI 


ym 


0  =  u  ,  +  [  €m  u 

z  zi  L  f. 


m-1 


♦  ■  +  l  em  t 

1  m-1  “ 


(7) 


which  satisfy  Eqs.  (l)-(U).  Since  the  expressions  in 
Eq.  (7)  are  power  series  expansions  in  the  small  para¬ 
meter  c  together  with  the  fact  that  Eqs.  < 1 )— (U )  are 
linear,  it  follows  that  U  ,  and  $  must  satisfy 
Eqs.  (l)-(U)  for  each  m.  ^fhe  requiredooundary  con¬ 
ditions  for  the  solution  of  each  order  m  may  be  ob¬ 
tained  by  series  expansions  in  y  about  y»o  of  the  exact 
electrical  and  mechanical  boundary  conditions  on 
grooved  surface  S(y,z)  ~o.  This  procedure  iB  equiva¬ 
lent  to  replacing  the  original  problem  with  an  equiva¬ 
lent  problem  of  finding  each  U  ,  U  and  ^  in  an  un¬ 
grooved  half-space  which  are  excited  by  a  surface  dis¬ 
tribution  of  induced  mechanical  stress  sources  and 
electrical  charges  located  on  the  surface  y-o.  These 
surface  sources  represent  the  interaction  of  the  inci¬ 
dent  wave  with  the  groove.  For  the  zeroth  order  solu¬ 
tion,  boundary  conditions  for  the  incident  wave  are 
reproduced  from  this  process.  For  the  first  order, 
boundary  conditions  are  obtained  in  the  following  form; 


where  H  it  s  3x3  matrix,  a  =  [a. ,a  ,a  ], 

«l  rp  ^  ^  J 

S  =  [S^ .Sg.S^]  and  T  represents  transpose. 
Solving  for  a^,  and  a^,  we  get 


°»(k)  -  s  £  vyk)  •  -1-2*3 

where  H  is  the  determinant  of  H  and  H  indicates  the 
cofactor  of  H  at  jtb  row  and  mlh  column. 


Applying  inverse  Fourier  transform,  the  first 
order  solution  may  be  obtained: 
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The  Integration  in  (10)  is  performed  along  the  real 
axis  of  the  complex  k-plane.  With  appropriate  indenta¬ 
tions  around  poles  and  branch  points,  the  integrals  in 
Eq.  (10)  may  be  decomposed  into  branch  cut  contribu¬ 
tions  and  residue  contributions.  The  branch  cut  inte¬ 
grals  may  be  identified  with  bulk  waves  generated  by 
the  groove;  while  the  residue  contributions  at  the 
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real  poles  k=tkg  are  identified  with  the  scattered 
generalized  Rayleigh  waves , 

The  Reflected  -Rayleigh  Wave  and  the 
Reflection  Coefficient 

The  poles  in  the  integrals  of  Eq.  (10)  are  just 
the  zeros  of  the  determinant  H,  while  H=o  is  also  the 
dispersion  relation  for  the  incident  Rayleigh  wave. 
The  contribution  from  the  pole  at  k=-k  yields  the 
following  reflected  generalized  Rayleigh  wave 


cally  by  the  limiting  procedure  AH/AV in  the  process 
of  determining  the  surface  wave  velocity.  It  is  found 
that  the  ratio  of  AH  to  All  converges  numerically  to  the 
value  equal  to  28.Ul»xlO~  .  For  a  rectangular-like 
groove  with  k  i<<i,  numerical  computations  result  in  a 
reflection  colfficient  in  the  form 

R=0.6(^-)Sin2k  a.  This  expression  implies  a  reflection 
coefficient  for  a  single  step  to  be  0.3(r-)  which  agrees 
with  the  normal-incidence  experiments  using  LilJbO 
reported  by  Williamson  and  Smith  [8].  3 
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The  purpose  of  this  study  is  to  establish  a  theory 
so  that  reflection  coefficient  from  a  groove  reflector 
may  be  calculated  in  terms  of  the  material  parameters 
of  a  piezoelectric  substrate  and  the  geometrical  profile 
of  the  groove.  The  technique  is  by  no  means  limited 
to  LiNbO  .  Calculations  for  the  reflection  coefficient 
using  other  piezoelectric  substrates  are  in  progress. 
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Numerical  Results  and  Discussions 

The  following  material  parameters  for  LiNbO. 
are  used  for  computations  of  the  reflection  coefficient 
R  given  by  equation  (12);  mass  density  d=**700  K3/m  , 
Rayleigh  wave  velocity  vg=3^88  m/s ec  and  numerical 
values  given  in  reference  [93  are  used  for  c^,^, 
e^^  and  .  To  calculate  R,  the  value 

(p^O  is  obtained  first  through  the  relation 
dk  , 
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NORMALIZED  PARTICLE  DISPLACEMENT 
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Figure  1.  Geometry  of  the  problem 


incident  and  reflected  Rayleigh  vaves 
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Figure  3-  normalized  distributions  of  electric  field  intensities  and 
for  Incident  and  reflected  Rayleigh  Vavet 


274 


UHF  RANGE  SAW  FILTERS  USING  GROUP-TYPE  UNI-DIRECTIONAL 
INTERDIGITAL  TRANSDUCERS 


J.Otomo,  S .Nishlyama ,  Y.Konno 
Nihon  Dempa  Kogyo  Co.,  Ltd.  * 

and 

K .  Shibayama 

Research  Institute  of  Electrical  Communication 
Tohoku  University 


Summary 


In  the  frequency  range  more  than  200  MHz ,  it  has 
been  often  experienced  that  the  fabrication  of  quartz 
crystal  filters  meets  difficulties,  because  of  the 
thickness  of  the  crystal  plate.  To  overcome  these 
difficulties,  we  have  investigated  and  developed 
Surface-Acoustic-Wave  filters.  In  this  paper  we 
report  the  several  experimental  result  of  the  SAW 
filters  constructing  with  Group-Type  Uni-directional 
Interdigital  Transducers  which  has  many  great  advantages 
in  mass  production  for  its  simple  fabrication. 

Group-Type  Uni-directional  Interdlgltal  Transducer 
were  fabricated  on  a  LiNb03  substrate  by  the  processes 
of  an  Electron  Beam  Exposure  and  chemical  etching. 

A  small  inductor  is  employed  for  90°  phase-shifter. 
Consequently,  a  practically  applicable  SAW  Filter 
providing  low  insertion  loss  and  small  rippl  is  achieved 
in  400  MHz  and  800  MHz  frequency  range  with  fundamental 
mode. 


Introduction 


To  get  low  insertion  loss  is  inconsistent  with  to 
get  small  passband  ripple  in  Surface  Acoustic  Wave 
filters  with  conventional  Bi-directional  transducers 
[1].  This  problem  is  caused  by  the  second  order  effect 
based  on  bi-directionality  of  the  transducer. 

Following  two  methods  have  been  proposed  to  solve 
this  problem.  One  is  the  triple  transit  echo  (TTE) 
cancellation  method  [2] [3] [4] [5]  typified  by  the  three- 
transducers,  and  the  other  is  the  Uni-directional  trans¬ 
ducer  [6] [7].  Sicne  the  former  method  basically 
consists  of  Bi-directional  transducers,  sufficiently 
it  cannot  solve  the  above  problem.  On  the  other  hand, 
there  are  two  types  of  Uni-directional  IDT,  the  three 
phase  type  using  120°  or  60°  phase  shifter  and  group 
type  using  90°  phase  shifter.  Both  of  them  have  the 
characteristics  of  low  insertion  loss  and  small  pass- 
band  ripple.  However,  since  the  electrode  construction 
of  the  three  phase  type  is  complicated  in  fabrication, 
it  is  difficult  to  realize  the  SAW  filters  in  UHF 
range . 

Group-Type  Uni-directional  transducers  have  recent¬ 
ly  been  proposed  by  Yumanouchi  et  al.  They  solved  the 
problem  applying  this  type  to  the  VHF  range  [7],  This 
type  transducer  has  many  great  advantages  In  mass  pro¬ 
duction  because  of  its  simple  fabrication.  In  this 
paper,  theoretical  investigation  of  Group-Type  Uni¬ 
directional  Interdlgltal  transducer  and  the  experimen¬ 
tal  results  of  SAW  filters  using  this  transducers  are 
reported. 


electric  source  with  90°  phase  difference  each  other. 
The  surface  acoustic  waves  are  propagated  to  the 
forward  direction.  Generally,  it  is  difficult  to  get 
a  good  directionality  using  only  one  group  transducer 
having  a  small  number  of  electrodes.  In  order  to 
obtain  a  good  characteristic,  it  is  necessary  to 
arrange  many  groups  collinearly  so  that  the  signals 
from  each  group  can  be  summed  in-phase.  Then  the 
electrode  structure  in  Fig.  2(a)  is  called  N-2  type. 
The  one  in  Fig.  2(b)  is  called  N-4  type. 

The  equivalent  circuit  of  the  Group-Type 
Uni-directional  transducer  can  be  represented  as  shown 
in  Fig.  3,  applying  the  Mason's  equivalent  circuit 
of  a  crossed-field  model  for  Bi-directional  IDT  [8]  to 
the  transducer  R  and  S  respectively.  It  can  be  repre¬ 
sented  as  a  three  ports  network  adding  one  electric 
port  to  the  Bi-directional  IDT  equivalent  circuit. 


As  well  kown,  in  the  SAW  filter  with 
Bi-directional  IDT,  it  has  been  pointed  out  that  the 
passband  ripple  is  caused  by  TTE  which  is  reflection 
between  the  acoustic  ports.  So,  the  study  of  imped¬ 
ance  missmatching  at  the  port  is  very  important.  We 
have  investigated  the  admittance  Yout  at  the  acoustic 
port  under  the  condition  that  Rin  is  connected  to  the 
electric  port  as  shown  in  Fig.  3.  The  admittance  is 
given  by 


Yout 


Tz i -Rin  +  Ti i jZd 
ZdiTzz-Rin  +  Zd-Tjz) 


(1) 


|Yout|  of  6  groups  transducer  (N-4-6)  for  various 
values  of  electric  source  resistance  Rin  is  calculated 
and  results  are  shown  in  Fig.  4.  In  computation,  the 
electromechanical  coupling  coefficient  K  is  assumed 
as  K2-0.0554,  which  corresponds  to  that  of  rotated 
Y  128°  LiNb03(9). 


|Youtjis  very  sensitive  to  change  of  the  electri¬ 
cal  condition,  but,  under  optimum  condition  in  pass- 
band,  |Yout|  is  almost  equal  to  the  characteristic 
impedance  (Zd)  of  the  transmitting  material.  The 
variation  of|Yout|of  the  Bi-directional  IDT  is  several 
times  larger  than  that  of  the  Group-Type  Uni-direc¬ 
tional  IDT  as  shown  in  Fig.  5.  |Yout|  for  various 
values  of  Rin  was  also  calculated  and  results  are 
shown  in  Fig.  5.  The  missmatching  at  the  acoustic 
port  is  still  large  for  a  change  of  electric  source 
resistance  Rin.  Therefore,  matching  by  change  of  Rin 
cannot  be  expected. 


From  these  results,  if  we  use  a  Group-Type 
Uni-directional  IDT,  a  small  passband  ripple  filter 
characteristics  can  be  expected. 


Equivalent  Circuit  of  Group-Type 
Uni-directional  IDT 

As  shown  in  Fig.  1,  two  interdlgltal  transducers 
S  and  R  with  number  of  electrodes  N  are  arranged  with 
distance  of  (N*L/2  +  L/4)  and  are  connected  to  an 


Next,  as  shown  in  the  equivalent  circuit  of  Fig. 
3,  transmitting  transducer  TR1  and  receiving  trans¬ 
ducer  TR2  are  connected  by  a  transmission  line  having 
the  characteristic  impedance  Zd,  propagation  constant 
Y  and  length  l.  The  total  transfer  matrix  of  the 
circuit  is  given  by  the  product  of  the  individual 
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transfer  matrix. 


Therefore,  the  operating  attenuation  ia  given  by, 

S  «20  i__L|  *Ti  ■♦Zd-Ti  rHUn -Rout -Tx  i /ZdtRln -Tailor 
D  I  2  /Rin-Rout  I 

where  Rln  and  Rout  are  the  resistance  of  the  source 
and  load.  Prom  equation  (3),  operating  attenuation 
S_  is  calculated  for  group  type  N-4-6  transducer  as 
shown  in  Fig.  6.  In  this  case,  Rln  and  Rout  are 
0.1785  x  10“* -Zd  respectively,  and  Zd  equal  to  0.28011 
x  10‘<ft). 

Experimental  Results 

The  400  MHz  and  800  MHz  range  filters  are 
experimented,  where  a  rotated  128*  Y-cut,  X-propagatlan 
LiNbOj  plates  are  used.  Aluminium  of  1500  -  3000  A* 
thickness  are  deposited  and  interdigital  electrodes 
are  fabricated  by  Electron  Beam  exposure  and  chemical 
etching  prosesses.  Experiment  was  performed  by  500 
measurement  system. 

The  result  of  experiment  of  the  400  MHz  range 
are  shown  in  Fig.  8.  The  transducer  construction  is 
N-4-6  type  and  the  overlap  length  W  is  about  0.4m 
and  center-to-center  spacing  m  of  the  electrodes  is 
about  2. 361m.  An  air  cored  coll  with  a  diameter  of 
5m  is  used  as  the  90°  phase  shifter.  As  shown  in 
this  figure,  a  minimum  insertion  loss  of  2.6dB  and 
less  than  O.ldB  passband  ripple  were  obtained. 

A  center  frequency  fo  is  423  MHz.  The  radiation 
impedance  is  about  50ft.  From  these  results.  Insertion 
loss  and  passband  ripple  of  the  experimental  results 
are  in  good  agreement  with  the  calculation  of  the 
equivalent  circuit. 

For  the  800  MHz  range,  an  N-4-8  type  transducer 
having  an  overlap  length  W-O.lmm  and  m-1 . 5pm  is  used 
as  the  transmitting  and  receiving  transducers.  An  air 
cored  coll  with  a  diameter  of  3m  is  used  as  the  90° 
phase  shifter.  The  results  of  the  experiments  are 
shown  in  Fig.  9.  Minimum  insertion  loss  of  5.6dB 
and  the  passband  ripple  is  0.2dB.  A  center  frequency 
fo  is  866  MHz.  The  radiation  impedance  is  about  50R. 
The  passband  rlppl  is  almost  in  agreement  with  the 
calculated  results  of  the  equivalent  circuit  model, 
but  the  insertion  loss  is  about  3dB  larger,  the 
increasing  of  loss  would  be  due  to  the  effect  of  the 
electrode  resistance  and  propagation  loss  of  waves. 

It  should  be  attention  on  the  spuTious  response 
for  Croup-type  Unl-dlrectlonal  IDT.  The  center  fre¬ 
quency  of  this  spurious  response  will  approach  the 
passband  when  the  number  of  electrodes  in  one  group 
are  Increased.  For  example,  in  the  case  of  the  N-2 
type  transducer,  the  spurious  signal  fs  arises  at 
frequency  fs/fo-0.66,  1.33  and,  in  the  N-4  type 
transducer,  the  spurious  signal  arises  at  fs/fo-0.8, 
1.2. 

However,  this  spurious  response  can  be  suppressed 
by  suitable  combination  of  the  transducer  which  has 
different  number  of  electrodes  in  one  group.  As  an 
example,  if  we  choose  the  combination  of  an  N-4  type 
transmitting  transducer  and  N-2  type  receiving  trans¬ 
ducer,  the  results  are  shown  in  Fig.  10.  From  this 
figure,  the  spurious  response  suppression  is  improved 
to  more  than  20dB. 


transducer  weighted  by  the  weighting  function 
JIlSinx/(n2+  x*)x  with  an  unweighted  N-4  type  trans¬ 
ducer.  The  results  are  shown  in  Fig.  11.  Sldelobe 
suppression  is  35dB,  minimum  insertion  loss  is  5.2dB 
and  the  passband  rlppl  is  less  than  0.2dB.  The  in¬ 
crease  of  Insertion  loss  are  due  to  mlssmatchlng  at 
electric  port. 

Finally,  an  exterior  view  of  a  SAW  filter  with 
this  transducer  is  shown  in  Fig.  12. 

Conclusion 

In  order  to  obtain  low  insertion  loss  and  small 
passband  ripple  filters  in  UHF  range,  Group-Type 
Uni-directional  IDT  are  used.  The  results  of 
experiments  for  the  400  MHz  range  are  minimum  insertion 
loss  of  2.6dB  and  less  than  O.ldB  passband  ripple. 
Similarly  for  the  800  MHz  range,  minimum  insertion  loss 
of  5.6dB  and  less  than  0.2dB  passband  ripple  is 
obtained.  The  calculated  results  using  the  equivalent 
circuit  model  are  in  good  agreement  with  the  experi¬ 
mental  results,  and  the  equivalent  circuit  is  useful  to 
analysis  of  Group-Type  Uni-directional  IDT.  The 
structure  of  the  90°  phase  shifter  is  simple  and 
miniature  UHF  range  SAW  Filters  are  achieved. 
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Figure  3  Schematic  Diagram  of  Group-Type  Uni-directional  IDT  including 
Propagation  Line. 
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Summary 

In  July  1975,  Hughes  began  a  two-year, 
USAECOM  sponsored  Manufacturing  Methods  pro¬ 
gram  on  surface  acoustic  wave  devices,  A  status 
report  is  presented  which  identifies  the  extent  to 
which  program  objectives  have  been  met  in  terms  of 
design,  fabrication,  packaging  and  test  considera¬ 
tions. 

The  object  of  the  program  is  the  establish¬ 
ment  of  a  production  capability  for  SAW  devices  of 
varied  design  and  material.  Specifically,  the  con¬ 
tract  identifies  six  test  vehicles  with  rigid  electrical 
and  environmental  specifications.  These  are  band¬ 
pass  filters,  tapped  delay  lines  and  pulse  compres¬ 
sion  filters  with  center  frequencies  of  100  to  200 
MHz  on  both  lithium  niobate  and  ST-quartz.  The 
program  is  divided  into  four  phases.  During  the 
first,  design  phase,  the  six  devices  were  designed, 
fabricated  and  tested  to  specification.  The  second 
phase  was  directed  at  the  redesign  or  design  modifi¬ 
cation  required  by  the  failure  of  first  phase  samples 
to  meet  specification  and  resulted  in  a  finalization 
of  the  electrical  specification  for  the  balance  of  file 
program. 

The  next  phase  consisted  of  testing  these 
devices  to  a  MIL-STD-883  type  environmental  stress 
at  a  high  sampling  rate.  Results  of  this  testing  are 
discussed.  The  final  phase  saw  the  establishment 
of  a  pilot  line  with  the  production  of  one  hundred 
fifty  each  of  the  device  types.  Capacitance  probe 
testing  is  discussed  as  a  cost-effective  alternative  to 
visual  inspection  at  high  magnification.  In  testing, 
statistical  sampling  is  employed  in  order  to  ensure 
the  conformance  of  the  devices  to  both  electrical  and 
environmental  specifications.  An  important  element 
of  this  phase  is  the  development  of  realistic  manu¬ 
facturing  cost  data  on  SAW  devices  that  are  repre¬ 
sentative  of  the  technology. 

Introduction 

The  results  of  work  performed  during  the 
first  two  phases  of  the  program  have  been  described 
earlier.  1  This  paper  deals  with  the  results  of  the 
third  and  fourth  phases  of  the  program.  It  encom¬ 
passes  the  environmental  testing  of  a  broad  range 
of  surface  acoustic  wave  device  designs.  It  also 
describes  the  pilot  line  production  of  these  devices. 

Program  Requirements 

The  overall  objective  of  the  MMT  program  is 
the  establishment  of  a  production  capability  for  SAW 
device  functions  that  are  representative  of  a  proven 
technology.  Table  I  summarizes  the  six  device  de¬ 
signs  chosen  by  ECOM  for  the  program.  They  are 
broadly  classified  into  bandpass,  phase  coded  tapped 
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delay  line,  and  pulse  compression  filters.  Sub¬ 
strate  materials  specified  are  lithium  niobate  and 
ST-quartz. 

In  order  to  address  the  design,  electrical 
test,  environmental  and  volume  fabrication  require¬ 
ments  of  the  program  in  an  orderly  fashion,  the 
program  is  broken  into  four  phases  as  shown  in 
Table  II.  During  the  first  phase,  the  six  devices 
were  designed,  fabricated  and  tested  to  specification. 
Ten  devices  of  each  of  the  six  designs  were  de¬ 
livered  to  ECOM  at  the  end  of  this  phase.  In  order 
to  meet  die  program  requirements  for  auto  correla¬ 
tion  (phase  coded  tapped  delay  line  filters)  and  pulse 
compression  line  test,  the  appropriate  reverse  coded 
tapped  delay  lines  and  pulse  expansion  lines  were 
Included  in  this  shipment. 

During  the  second  phase  of  the  program,  test¬ 
ing  and  analysis  of  those  devices  that  failed  to  meet 
full  specification  was  performed.  This  redesign 
effort  resulted  in  a  finalization  of  electrical  specifi¬ 
cation  for  the  balance  of  the  program.  Ten  devices 
of  each  of  the  six  designs,  fully  adherent  to  the 
finalized  specification,  were  delivered  at  the  end  of 
this  phase. 

In  the  third  phase  of  the  program,  environ¬ 
mental  testing  was  performed  on  the  devices  to  a 
MIL-STD  883B  type  of  requirement  at  a  high  samp¬ 
ling  rate.  The  completion  of  this  phase  resulted  in 
the  delivery  of  fifty  each  of  the  six  device  types. 

During  the  final  phase  of  the  program,  a 
pilot  line  was  established  for  the  production  of  one 
hundred  fifty  of  each  of  the  device  designs,  fully 
adherent  to  the  electrical  and  environmental  require¬ 
ments  of  the  program.  An  Important  element  of  this 
phase  was  the  evaluation  of  capacitance  probe  testing 
as  a  cost  effective  alternative  to  visual  inspection  at 
high  magnification.  Manufacturing  cost  data  was  de¬ 
fined  for  each  of  die  device  types. 

Program  Accomplishments 

Phase  III 

Test  Results  -  Device  designs  finalized  during 
the  Phase  II  efiort  were  fabricated  in  accordance  with 
the  process  flow  defined  in  Table  III.  These  devices 
were  then  subjected  to  various  of  the  environmental 
stresses  listed  in  Table  IV.  Test  allocation,  sample 
size  for  each  lot  of  fifty  devices  and  accept/reject 
criteria  are  summarized  in  Table  V. 

In  all  cases,  the  number  of  device  failures 
did  not  exceed  the  limits  set  forth  by  the  program. 

No  pattern  of  failure  attributable  to  environmental 
stress  could  be  discerned.  Failures  detected  at 
final  electrical  test  were  random.  The  cause  is  most 
likely  process  related. 


Phase  IV 


Capacitance  Probe  Teat  -  Visual  inspection 
for  open  and  short  defects  at  250X  magnification  of 
the  wafer  shown  in  Figure  1  typically  consumes  one 
and  one-half  hours  of  labor.  In  analogy  with  integ¬ 
rated  circuit  probe  testing,  a  capacitance  probe  test 
has  been  evaluated  as  a  cost  effective  substitute  for 
visual  inspection  (Figure  2A).  Prior  experience  on  a 
limited  number  of  samples  using  manual  measurement 
(Figure  2B)  showed  the  technique  to  be  a  viable  one. 
The  purpose  of  the  MMT  evaluation  was  to  (1)  deter¬ 
mine  the  efficiency  of  a  semiautomated  approach 
(Figure  2C)  and  (2)  to  establish  a  nominal  value  of 
capacitance  for  open  defects  on  a  given  design,  based 
on  final  electrical  data  over  a  statistically  valid  sam¬ 
ple. 

A  Fairchild  Sentry  610  Integrated  Circuit 
Probe  Station  was  modified  for  capacitance  measure¬ 
ment.  It  was  determined  that  wafers  of  the  kind  shown 
in  Figure  1  could  be  scanned  in  ten  minutes  yielding 
a  computer  print-out  (mapping)  of  capacitance  value 
for  each  transducer.  The  data  indicates  that  short 
defects  can  be  effectively  screened  by  the  technique. 

In  fact,  a  yield  improvement  of  up  to  five  percent  has 
been  noted  over  visual  inspection.  This  has  been 
attributed  to  operator  visual  misinterpretation  of 
(1)  high  resistance  shorts  that  are  electrically  non¬ 
functional  and  (2)  non-conductive  debris  which  is  mis¬ 
taken  for  metal  bridging.  With  regard  to  open  de¬ 
fects,  the  final  device  electrical  data  is  Incomplete. 

It  is  therefore  not  possible  to  complete  an  assessment 
of  the  nominal  capacitance  value  at  this  time. 

It  is  felt  that,  with  further  automation,  the 
probe  time  could  be  reduced  to  three  minutes  per 
wafer.  The  potential  also  exists  for  the  addition  of 
a  controlled  voltage  short  burn-out  during  this  in¬ 
spection,  lending  to  further  yield  Increase  at  the 
wafer  level. 

F abrication  -  During  the  course  of  volume 
production,  a  number  of  cost  versus  technical  trade¬ 
offs  became  evident. 

In  Figure  1,  In -situ  resistors  on  the  substrate 
form  the  R  of  the  Ri.  tuning  networks  commonly  used 
on  these  devices.  The  formation  of  these  aluminum 
resistors  at  the  same  time  the  transducers  are  de¬ 
fined  not  only  offers  significant  cost  savings  in  labor 
and  materials,  but  leads  to  an  improvement  in  re¬ 
liability  by  reducing  the  number  of  discrete  compon¬ 
ents  in  the  device. 

SAW  devices  are  materials  cost  intensive. 
Every  effort  Is  therefore  made  at  the  design  level  to 
maximize  the  number  of  die  per  wafer.  This  is,  how¬ 
ever,  limited  by  dicing  considerations.  1  Quartz  re¬ 
quires  a  thicker  saw  blade  than  does  ltthium  nlobate. 
The  kerf  loss  for  quarts  typically  approaches  20  mils 
versus  3  mils  for  lithium  nlobate.  In  addition,  suf¬ 
ficient  area  must  be  allowed  for  at  the  ends  of  the  die 
for  file  application  of  acoustic  absorber  materials 
(DC-1340),  Insufficient  absorber  contributes  to  the 
presence  of  spurious  signals.  Even  the  presence  of 
occluded  bubbles  in  the  absorber  can  be  related  to 
spurious  effects.  In  future  work,  consideration 
should  be  given  to  the  cost  effectiveness  of  dice  taper 
geometries. 
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Program  requirements  for  the  BP-LN  de¬ 
sign  Imposed  a  metallization  thickness  lower  limit 
(1000A)  as  well  as  an  Insertion  loss  range  (20  +_1.5  < 

dB).  These  constraints  operated  to  reduce  the 
usable  insertion  loss  range  on  that  device  during 
the  final  phases  of  the  program  due  to  the  fact  that 
a  new  evaporator  yielded  lower  resistivity  aluminum 
than  that  utilized  during  die  initial  designs.  This  is 
shown  in  Figure  3. 

The  cost  savings  of  substituting  semiconduc¬ 
tor  pin  packages  for  machined  chassis  are  estimated 
at  10  to  1.  However,  this  substitution  can  cause 
difficulties  in  achieving  feedthrough  suppression 
levels  of  50  dB.  Grounding  through  package  pins 
alone  will  not  suffice.  Adequate  grounding  of  the 
package  base,  both  in  test  and  a  functional  environ¬ 
ment  is  critical.  In  the  bandpass  filter  designs, 
tuning  Inductor  orientation  (rotational)  was  found  to 
contribute  to  feedthrough.  One  solution  to  excessive 
feedthrough  in  the  phase  coded  tapped  delay  lines 
was  the  Inclusion  of  a  ground  pad  between  the  input 
transudcer  and  output  tap  array  during  photolith¬ 
ography.  It  should  be  pointed  out  that  none  of  these 
problems  were  encountered  with  the  use  of  machined 
chassis. 


Overall,  package  cost  is  in  the  range  of  1 5 
to  25%  of  manufacturing  cost.  Future  effort  in  this 
area  should  address  the  requirement  of  still  lower 
cost  packaging.  The  Impact  of  higher  volume  pro¬ 
duction  on  cost  reduction  should  not  be  overlooked. 
The  estimated  manufacturing  cost  of  the  BP-Q  de¬ 
vice  in  quantities  of  1000  is  $20.  The  cost  of  tuning 
elements  required  to  achieve  low  VSWR,  especially 
in  regard  to  component  attach  labor,  is  high.  In 
view  of  the  relative  insignificance  of  this  parameter 
at  IF,  die  imposition  of  this  requirement  should  be 
closely  examined  at  the  design  level. 

Conclusions 

Fabrication  and  test  efforts  during  the  final 
phases  of  a  surface  acoustic  wave  MMT  program 
have  shown  that  a  variety  of  SAW  device  designs, 
capable  of  withstanding  MIL-STD  883B  type  envir¬ 
onmental  requirements,  can  be  produced  in  rela¬ 
tively  small  quantities  at  low  cost.  In  the  area  of 
future  cost  reduction,  consideration  should  be  given 
to  packaging  and  the  sophistication  of  tuning  require¬ 
ments. 
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Cost  -  The  manufacturing  cost  of  tile  six 
device  types,  packaged  and  tested,  is  estimated  to 
range  from  20  to  $50  in  quantities  of  200.  Of  the 
pulse  compression  and  bandpass  filters,  the  quartz 
devices  range  higher;  approximately  $30.  The 
phase  coded  tapped  delay  lttie  units  average  $50, 
reflecting  the  Impact  of  large  die  size,  higher  unit 
area  material  cost,  layout  expansion  due  to  sawing 
requirements  and  increased  package  size. 


References 

1.  Janus,  A.  R. ,  Proc.  30th  Annual  Frequency 
Control  Symp. ,  Atlantic  City,  NJ,  157  (1976) 


BANDPASS  FILTERS 

BP- a 

100  MHz 

ST-QUARTZ 

BP-LN 

ISO  MH» 

Y-Z  lithium 
NIOBATE 

BIPHASE  CODED  TAPPED 

TOL-IOO 

100  MHz 

ST-QUART2 

DELAY  LINE  FILTERS 

TDl-200 

200  MHz 

ST-QUARTZ 

PULSE  COMPRESSION 

PC-Q 

ISO  MHz 

ST-QUARTZ 

FILTERS 

PC-LN 

ISO  MHz 

Y-Z  LITHIUM 
NIOBATE 

SUMMARY  OF  MMT  DEVICE  DESIGNS 


FART/TYFCNO _ _  AFTROVAL  DIPT  DAT! 

PLOW  SMUT  REV  NO _ _ _  _ AS*Y  _ 

CHARGE  NO _ _  TEST  _ 


TEST  SFEC.  NO - _  - PON.  MON. 


Ill  SAW  PROCESS  FLOW  SHEET 


IV 


DEVICE  TYPE 

OROUP  TEST 

(EA.  TYPE) 

SAMPLE  SIZE 
(EA.  TYPE) 

MAX. 

DETECTIVE 

BP-O.  BP-LN, 

1 

SO 

0 

PC  a  PC-LN 

II 

12 

0 

III 

IS 

0 

IV 

IS 

1 

V 

12 

0 

VI 

24 

2 

TDt-100,  TDL-200 

1 

BO 

0 

II 

S 

0 

IN 

• 

1 

IV 

• 

1 

V 

s 

0 

Vf 

12 

1 

(TCP  I  -  PHASE  I  -  MAST  CMQMCERJNS  SAMPLES 
s  DESKIN  SIN  SAW  OfVICCS  TO  SPCClFlCATKM 
p  fas.  Package  a no  test  device  design 

•  DELIVER  TEN  EACH 

PHASE  II  -  SECOND  CNGINEEAINO  SAMPLES 

•  REDESIGN  DEVICES  AS  NECESSARY 

•  FINALIZE  ELECTRICAL  WECIFICATION 

•  DELIVER  TEN  EACH 


PHASE  III  -  CONFORMAL  SAMPLES 

•  TEST  DEVICES  TO  ENVIRONMENTAL  SPECIFICATION 

•  FINALIZE  ENVIRONMENTAL  SPECIFICATION 

•  DELIVER  FIFTY  EACH 
PHASE  IV  -  PILOT  RUN  SAMPLES 

•  FINALIZE  LINE 

•  ESTABLISH  DEVICE  COST 

•  DELIVER  IM  EACH 
STEP  II 

%  DEVELOP  PLAN  FOR  MtfMO  PRODUCTION  RATE 


JOB  DESCRIPTION  AND  TASKS 


GROUP  TEST 

I  WIRE  ROND 

1ST  ELECTRICAL 
n  soloerarilitv 

III  HIGH  TEMPERATURE  STORAGE 

CENTER  FREQUENCY 
INSERTION  LOSS 

IV  LIFE 

FINAL  ELECTRICAL 
v  MSRMcTtcrrv 

SHORT  CIRCUIT 
VI  VIBRATION 

SHORT  CIRCUIT 
SHOCK 

SHORT  CIRCUIT 
THERMAL  SMOCK 
SHORT  CIRCUIT 
MOISTURE  REMSTAMCt 
FINAL  ELECTRICAL 


M1L-STD 

3SS 


METHOD  CONDITION 

2011  0 


»1 

212 

10T 

HKD 


CONFIRMATORY  SAMPLE  TEST  REQUIREMENTS 


1 .  PROCESSING  DETAIL  ON  BP-LN 


V 


CONFIRMATORY  SAMPLE  TEST  PLAN 


(A)  THEORETICAL  ORIGIN  OF  CAPACITANCE  MEASUREMENT, 

(TYPICAL  ELECTRICAL  PARAMETERS)  (B)  MANUAL  PROBE  TECHNIQUE 


<J  VARIABLE  APERTURE 


THE  VERSATILITY  OF  THE  "IN-LINE"  SAW  CHIRP  FILTER 


W.  J.  Skudera,  Jr. 

US  Army  Electronic!)  Technology  4  Devices  Laboratory  (ECOM) 
Fort  Monmouth,  New  Jersey 


Summary 

SAW  chirp  filters  have  recently  been  used  to  per¬ 
forin  sophisticated  functions  such  as  continuous  vari¬ 
able  delay  and  chirp  transformation.  This  paper  will 
briefly  cover  several  interesting  applications  of  the 
"in-line"  chirp  filter  used  in  combination  with  stand¬ 
ard  mixers  and/or  standard  amplifiers.  These  appli-  ^ 
cations  include  a  variable  delay  line,  a  "time-ordered" 
multiplexer,  and  an  oscillator.  The  variable  delay 
line,  which  requires  two  standard  mixers  along  with 
two  chirp  filters,  will  be  discussed  using  relatively 
wide  and  narrow  bandwidth  chirp  filters  (DDL);  and  a 
simple  cascade  scheme  will  be  shown,  whereby,  the  less 
complex  "in-line"  filter  can  yield  variable  delays 
approaching  those  of  the  RAC  variable  device.  The 
inherent  fixed  delay  portion,  important  in  certain 
applications,  will  also  be  considered  for  each  type 
of  filter. 

Again,  using  a  mixer  and  two  "in-line"  chirp  fil¬ 
ters,  a  "time-ordered"  multiplexer  can  be  constructed 
based  upon  the  chirp  transformation  technique.  The 
multiplexer  scheme  will  be  shown  utilizing  two  identi¬ 
cal  filters  Instead  of  the  normally  used  "up"  and 
"down,"  offset  frequency  chirp  filters.  The  advantage 
and  disadvantage  of  using  identical  "in-line"  SAW  fil¬ 
ters  will  be  discussed  in  terms  of  filter  fabrication 
ease  and  transform  bandwidth  restrictions,  respectively. 

The  final  application  covered  will  be  the  chirp 
"in-line”  SAW  filter  used  as  an  oscillator;  results  for 
two  different  bandwidth  filters  will  be  given  in  terms 
of  spectral  purity,  power  output,  and  tuning  ability. 

In  addition,  the  tuning  ability  of  the  chirp  oscillator 
will  be  compared  to  that  of  a  standard  delay  line  SAW 
oscillator. 

Introduction 

Surface  acoustic  wave  (SAW)  linear  FM  (chirp) 
filters  have  been  used  primarily  In  pulse  compression 
applications  to  improve  the  resolution  of  a  radar 
system.  Two  basic  SAW  chirp  filters  have  evolved  for 
this  application:  tho  "in-line"  array1  and  the  reflec¬ 
tive  array  compressor  (RAC)  filter.1  The  RAC  device  is 
used,  usually  where  large  time-bandwidth  products  with 
especially  large  dispersions,  are  required;  the  less 
costly  "in-line"  filter  is  used  for  modest  time- 
bandwidth  products. 

Figure  1  shows  the  difference  between  the  two 
filters.  The  "in-line"  filter  uses  metal  electrodes, 
in  a  graded  periodicity  fashion,  to  yield  a  linear  dis¬ 
persion  with  frequency,  and  it  has  a  fixed  delay  deter¬ 
mined  by  the  separation  of  the  input  and  output 
transducers.  The  RAC  filter  uses  etched  gratings  to 
create  the  linear  dispersion  along  with  non-dispersive 
metal  input-output  transducers,  and  it  has  a  fixed 
delay  determined  by  the  spaces  between  the  gratings  as 
well  as  from  the  transducers  to  the  gratings.  The  "in¬ 
line"  fixed  delay  is  much  less  than  that  of  the  RAC's 
and  can  be  made  as  small  as  approximately  0.2S  micro¬ 
second  compared  to  several  microseconds  for  a  RAC. 3 

Figure  2  shows  one  of  the  "in-line"  filters  that 
were  used  along  with  standard  mixers  and/or  amplifiers 
to  perform  three  interesting  functions.  The  filters 
were  designed  and  fabricated  as  previously  discussed1*4 
and  were  centered  at  70  MHz,  with  two  different 


bandwidths  (10  MHz  4  2.5  MHz)  and  approximately  8 
microseconds  of  dispersions,  using  a  total  of  1354 
electrodes  per  transducer  on  ST-X  quartz.  The  elec¬ 
trode  patterns  are  not  visible  in  the  photo  of  Figure  2, 
but  the  pads  for  the  input  and  output  transducers  are 
clearly  seen.  The  response  for  the  10  MHz  bandwidth 
filter  is  given  in  Figure  3  showing  a  passband  contain¬ 
ing  the  usual  Fresnel  ripple®  along  with  a  few  dB  slope 
which  it  is  assumed  is  attributed  to  the  use  of  iden¬ 
tical  cosine-squared  weighted  transducers. 

Two  recent  applications  for  SAW  chirp  filters,  the 
variable  delay  line4*1  and  the  chirp  transform®*®  will 
be  briefly  reviewed,  and  results  will  be  presented  for 
slight  modifications  to  each.  In  addition,  oscillator 
results  will  be  given,  using  SAW  chirp  filters  in  a 
standard  feedback  loop. 

Variable  Delay  Line 

The  schematic  for  a  continuously  variable  delay 
line  using  SAW  chirp  filters  (DDL-1  4  DDL-2)  s  shown 
in  the  top  portion  of  Figure  4.  Two  standard  mixers 
are  required  along  with  a  control  oscillator  (VCO)  to 
make  it  functional.  The  lower  portion  of  Figure  4 
shows  a  series  of  delayed  output  pulses,  from  a  narrow 
input  pulse,  whose  delay  is  determined  by  the  VCO 
setting.  Reference  6  gives  the  details  of  operation 
and  is  summarized  below.  When  the  VCO  is  held  at  a 
constant  value  and  the  input  frequency  is  varied,  then 
the  delay  vs  Input  frequency  slope,  after  the  first 
chirp  filter,  is  an  up  slope,  assuming  DDL-1  is  an  up 
chirp.  After  the  second  mixer,  spectral  inversion 
takes  place  and  the  slope  is  a  down  slope,  then  passing 
that  signal  through  a  second  up  chirp  filter  (DDL-2) 
results  in  a  constant  delay  at  the  output  with  n  out¬ 
put  frequency  that  tracks  the  input  frequency.  However, 
if  the  input  frequency  is  held  constant  and  the  VCO  is 
varied,  then  the  frequency  after  the  first  mixer 
increases  as  the  VCO  frequency  increases,  while  the 
delay  after  the  second  mixer  and  the  output  increases 
with  respect  to  the  increasing  VCO.  The  frequency 
after  the  second  mixer  and  second  chirp  filter  (DDL-2) 
is  compensated  by  the  VCO,  and  thus,  the  output  is  at  the 
same  constant  frequency  as  the  input^but  with  a  VCO 
controlled  variable  delay.  Figure  5  shows  the  output 
results  for  a  variable  delay  line  using  two  10  MHz 
chirp  filters  as  well  as  two  2.5  MHz  chirp  filters.  The 
control  frequency  vs  delay  slopes  are  1.536  MHz/^s  and 
0.334  MHz/jis  respectively,  for  a  constant  70  MHz  input 
pulse.  The  output  delay  is  also  shown  -to  be  constant 
at  12  microseconds  for  a  constant  138  MHz  VCO  frequency, 
while  the  input  frequency  is  varied  across  the  bandpass 
of  each  chirp  filter  pair,  i.e.,  from  66  MHz  to  74  MHz 
for  the  wider  bandwidth  filters  and  69  MHz  to  71  MHz 
for  the  narrower  bandwidth  filters.  The  total  variable 
delay  at  the  midband  frequency  was  about  8  microseconds 
(from  8  pa  to  16  pa)  with  a  minimum  fixed  delay  of 
about  8  microseconds.  The  fixed  delay  is  due  mostly  to 
the  loading  effect  of  the  second  chirp  filter  (DDL-2) 
at  its  mid  delay  value  of  about  6  microseconds,  plus  a 
small  amount  of  fixed  delay  (abouc  2.5  ^is)  due  to  the 
non-optimized  transducer  separation  of  the  first  chirp 
filter  (DDL-1).  The  lower  left  side  of  Figure  6  shows 
this  result  plotted  on  a  linear  graph.  Delay  data  is 
also  shown  wht"  two  additional  identical  chirp  filters 
are  cascaded  at  the  locations  indicated  by  the  two 
arrows  in  the  upper  schematic  of  Figure  6.  Thus,  using 
four  filters  the  variable  delay  is  doubled  while  that 


of  Che  minimum  delay  is  increased  Co  abouc  18  micro¬ 
seconds  mosdy  due  Co  Che  loading  effecC  of  Che  lasc 
cwo  filcers  (abouc  12  ps)  plus  Che  fixed  delay  of  the 
firsc  cwo  chirp  filcers.  If  eight  filters  were  used, 
the  variable  delay  could  be  extended  to  greater  than 
30  microseconds  wlch  a  fixed  delay  of  about  36  micro¬ 
seconds.  It  is  to  be  noted,  however,  that  cascading 
tends  to  magnify  Che  errors  present  in  each  filter 
and  becomes  impractical  after  a  certain  point.  The 
lower  right  side  of  Figure  6  shows,  for  comparison, 
the  range  of  delay  that  Dolat®  obtained  for  two  RAC 
filters  with  a  minimum  delay  of  54  microseconds. 
However,  the  RAC  variable  delay  operated  over  a  wider 
input  bandwidth  than  the  cascaded  ''in-line”  device. 
Thus,  if  the  bandwidth  were  reduced  to  thac  of  the 
"in-line"  device,  then  the  minimum  delay  is  estimated 
to  be  about  40  microseconds  for  this  RAC  device. 
Therefore,  if  one  desires  to  have  a  variable  delay 
line  that  has  a  minimum  amount  of  fixed  delay,  re¬ 
quired  for  certain  repeater  applications, and  only 
a  few  microseconds  of  variable  delay,  then  the  "in¬ 
line"  approach  is  worthwhile.  For  example,  if  "in¬ 
line”  filters  were  used  in  a  6  ^is  variable  delay  line 
then,  with  a  transducer  separation  of  0.25  ps  per 
filter,  Che  fixed  delay  for  a  constant  input  fre¬ 
quency  would  be  less  than  3.5  microseconds.  If  RAC 
filters  with  a  minimum  of  fixed  delay  (about  2  micro¬ 
seconds)  were  used  in  Che  same  6  ps  device,  then  the 
minimum  amount  of  fixed  delay  for  the  device  would  be 
about  7  ps.  However,  if  large  amounts  of  variable 
delay,  greater  than  about  20  ps,  are  required,  then 
the  fixed  delay  will  be  large  in  both  the  "in-line" 
and  RAC  devices,  with  the  RAC  approach  being  more 
desirable  than  the  cascaded  "in-line"  because  it  would 
have  less  distortion  effects  over  a  wider  frequency 
range.  Cascading  of  identical  "in-Line"  filters, 
however,  appears  to  be  a  useful  technique  for  variable 
delays  up  to  20  >is  in  this  frequency  range,  but  with 
less  bandwidth  than  the  RAC  approach. 

Chirp  Transformation 

The  Chirp  Trans formation® >9  schematic  is  shown 
in  Figure  7  and  expressed  mathematically  by  the  top 
expression  in  the  same  Figure;  i.e.,  the  transform  is 
the  convolution  of  the  second  chirp  filter  (DDL-2) 
response,  I(T),  with  the  product  of  the  input  signal, 
S(T),  and  the  response  of  the  first  chirp  filter, 
Cj^(T),  multiplied  by  the  impulse  response  of  the 
third  chirp  filter  (DDL-3),  C2(T).  This  expression 
can  also  be  expressed  by  the  lower  equation  V(t)  in 
Figure  7  and  is  the  true  Fourier  transform  if 
«  =  2pT,  where  p  is  the  chirp  slope.  One  can  also 
consider  an  output  located  at  point  1  in  this  figure 
given  by  R(t),  i.e.,  eliminate  the  second  mixer  and 
DDL-3  filter.  Comparing  the  R(r)  equations  in  Figure 
7  one  sees  that  only  the  phase  term  (eJ>*T  )  is  the 
difference  between  the  two  expressions.  Thus,  if 
just  transform  amplitude  data  is  required,  then  R(t) 
is  sufficient  and  the  DDL-3  filter  plus  mixer  is  not 
needed.  The  first  two  chirp  filters  generally  are 
dissimilar  in  this  processor®^ ;  however,  the  follow¬ 
ing  data  were  taken,  using  two  identical  filters. 
Figure  8  shows  the  output  results  displayed  on  an 
oscilloscope  when  two  c.w.  signals  are  simultaneously 
fed  into  the  input  of  the  processor  using  identical 
filters.  Since  the  filters  operate  only  over  a 
finite  time,  then  the  c.w.  signal  appears  as  a  gated 
R.F.  pulse, and  thus  the  transform  should  be  a  sin 
(X)/X  response  that  varies  linearly  with  the  input 
frequency.  The  scope  pulses  in  Figure  8  do  resemble 
a  sin  (X)/X,  except  some  of  the  sidelobes  are  nonsym- 
metrlcaL,  due  primarily  to  the  passband  response  not 
being  perfectly  flat;  and  the  location  on  the  time 
axis  of  the  scope  does  vary  linearly  with  the  input 
frequency.  Thus,  since  this  processor  separates 


frequencies  in  the  time  domain,  then  it  can  be  called 
a  "time-ordered"  multiplexer.  Figures  6(A)  and  8(C) 
show  that  two  c.w.  signals  nominally  set  at  140  MHz 
and  separated  by  less  than  400  kHz  can  easily  be  re¬ 
solved  in  this  multiplexer  independently  of  the  chirp 
filter's  bandwidth  because  resolution  is  dependent 
only  upon  the  dispersion* 1  of  the  filters.  However, 
8(B)  and  8(D)  show  two  c.w.  signals  that  are  separated 
by  the  maximum  amount  and  indicate  that  the  number  of 
frequency  bins  that  can  be  resolved  at  this  resolution 
is  dependent  upon  the  filter  bandwidth;  i.e.,  for  the 
narrow  bandwidth  case  a  maximum  of  only  six  frequen¬ 
cies  could  be  simultaneously  displayed,  while  for  the 
wider  bandwidth  case  about  twenty  five  frequencies 
could  be  displayed.  Figures  9  and  10  show  the  ampli¬ 
tude  and  compressed  pulse  width  of  the  pulses  of  Fig¬ 
ure  8  vs  the  input  frequency  and  clearly  show  that  the 
amplitude  decreases  while  the  pulse  width  Increases 
toward  the  processor  input  band  edges.  Therefore,  the 
most  useful  operation  was  defined  as  the  points  where 
the  pulse  width  increased  by  10Z  of  its  center  fre¬ 
quency  value,  and  this  corresponded  to  about  half  of 
the  bandwidth  of  each  chirp  filter.  The  exact  centers 
of  the  amplitude  and  pulse  width  curves  do  not  coin¬ 
cide,  and  again  this  is  attributed  to  the  slope  of  the 
filter  response  which  could  easily  be  corrected.  How¬ 
ever,  the  pulse  widths  are  reasonably  close  to  the 
theoretical  values  of  0.1  ps  and  0.45  jis  respectively, 
and  are  relatively  constant  in  both  amplitude  and 
pulse  width  over  the  defined  10Z  pulse  bandwidth.  The 
amplitude  slope  of  these  filters  could  be  influencing 
the  pass  band  response  of  the  processor,  but  this  has 
been  assumed  to  be  a  negligible  effect.  Thus  it  ap¬ 
pears  that  if  one  requires  an  Input  bandwidth  of 
10  MHz  for  a  chirp  transform  processor,  then  two  iden¬ 
tical  20  MHz  filters  should  suffice  since,  in  practice, 
the  amplitude  and  pulse  width  changes  are  small  over 
this  range,  and  thus  only  one  chirp  mask,  instead  of 
two,  is  required  to  construct  the  processor.  Another 
advantage  of  using  identical  filters  over  the  dissimi¬ 
lar  type  is  that  one  can  use  filters  operating  at  half 
the  center  frequency  of  the  input  frequency  by  using 
the  lower  side  band  of  the  first  mixer.  Thus  it  is 
easier  to  fabricate  these  filters  since  it  allows  one 
to  operate  at  twice  the  frequency  of  the  highest 
operating  chirp  filter  that  can  be  constructed.  How¬ 
ever,  the  disadvantage  of  using  the  identical  filter 
approach  is  that  it  can  only  be  used  for  processor 
bandwidths  of  up  to  25Z  since  the  filters  themselves 
can  only  be  fabricated  with  about  50Z  bandwidth. 

Chirp  Oscillator 

Figure  11  shows  a  chirp  filter  (DDL)  used  as  part 
of  a  feedback  loop  of  an  amplifier  along  with  a  phase 
shifter  to  form  an  oscillator  circuit,  and  Figure  12 
(B)  shows  the  frequency  spectrum  at  approximately 
68  MHz  when  the  2.5  MHz  DDL  is  used  in  the  loop.  When 
compared  with  a  standard  60  MHz  SAW  oscillator,  Fig¬ 
ure  12(A),  and  a  standard  signal  generator,  Figure 
12(C),  set  at  68  MHz,  one  sees  that  the  spectral 
responses  are  approximately  the  same  and  that  the 
power  outputs  are  all  about  +4  dBm.  The  second  har¬ 
monic  was  found  to  be  lower,  however,  by  about  15  dB 
in  the  signal  generator  over  the  two  types  of  SAW 
oscillators,  i.e.,  -30  dB  and  -15  dB,  respectively. 

Figure  13(A)  shows  the  tuning  range  of  the 
2.5  MHz  DDL  filter  when  the  phase  shifter  is  changed 
from  a  nominal  zero  degrees  to  360  degrees,  covering 
about  250  kHz  of  continuous  tuning  ability.  The 
10  MHz  DDL  tuning  range  (see  Figure  13(B))  is  shown 
for  a  nominal  (from  right  to  left)  zero,  180,  and  360 
degree  phase  shift  and  covers  a  total  of  about  500  kHz 
frequency  shift.  However,  a  standard  delay  line, 
using  19  electrode  pair  transducers  on  ST-X  quartz. 


whose  transducer  separation  was  equal  to  approximately 
the  center  frequency  separation  between  the  trans¬ 
ducers  of  the  DDL  filters  (about  1.9  cm) ,  had  only 
about  100  kHz  per  360  degrees  phase  shift.  Initially, 
one  would  suspect,  therefore,  that  the  bandwidth  of 
the  DDL  filters  influences  in  some  way  the  tuning 
range  of  these  filters.  However,  this  was  not  the 
case  since,  when  the  transducer  separation  of  the 
delay  line  was  reduced  to  about  0.3  cm,  the  tuning 
range  per  approximately  360  degree  phase  shift  (see 
Figure  13(D))  was  about  900  kHz  (the  approximate  180 
degree  phase  shift  is  shown  in  the  center  of  the 
photo) . 

The  frequency  response  for  the  2.5  MHz  DDL  fil¬ 
ter  is  shown  in  Figure  14(A).  The  ripples  in  the 
passband  are  largely  from  the  Fresnel  ripple^  effect 
for  low  time-bandwidth  product  filters.  It  was  found, 
however,  that  the  left  amplitude  peak  was  at  the  pre¬ 
cise  frequency  that  the  oscillator  operated  at^  and 
this  corresponded  to  a  minimum  transducer  separation 
(Td)  of  about  0.65  cm.  (Note:  H-L  and  L-H  represent 
transducers  with  high  frequencies,  H,  on  one  end  and 
low  frequencies,  L,  on  the  opposite  end).  Figure 
14(B)  also  shows  a  2.5  MHz  DDL  (Expander)  whose  trans¬ 
ducers  are  rotated  by  180  degrees  with  respect  to  the 
conjugate  filter  of  Figure  14(A);  and  when  this  filter 
was  used  as  part  of  an  oscillator  circuit,  it  too 
operated  at  a  frequency  corresponding  to  the  ampli¬ 
tude  peak  on  the  right  and  a  T^  again  equal  to  about 
0.65  cm.  Also,  the  point  of  operation  for  the  10  MHz 
bandwidth  filters  corresponded  to  a  T<j  equal  to  about 
0.3  cm.  Substituting  these  values  of  Td  into  the  Q 
equation^ .13  given  in  the  lower  part  of  Figure  14, 
one  finds  that  the  tuning  which  is  the  reciprocal  of 
the  Q  agrees  reasonably  well  with  this  equation  which 
was  derived  for  SAW  delay  line  oscillators.  Thus,  it 
appears  that  chirp  oscillators  operate  at  a  passband 
peak  and  behave  as  delay  line  oscillators.  In  addi¬ 
tion,  chirp  filters  can  be  internally  weighted1  and 
one  could  postulate,  therefore,  that  this  peak  could 
be  optimized  and  perhaps  even  relocated  using  finger 
withdraw  techniques  so  as  to  select  a  desired  fre¬ 
quency  in  the  passband. 

Some  initial  stability  measurements  were  also 
taken  (see  Figure  15)  and  show  that  the  narrow  band 
(conjugate  filter)  chirp  oscillator  stability  was 
reasonably  good  and  generally  changed  by  less  than 
1.0  ppm  in  an  uncontrolled  environment  over  several 
hours  of  operation.  Toward  the  end  of  the  test  the 
stability  appeared  to  improve  to  less  than  0.02  ppm 
over  a  5-minute  period.  The  stability  of  the  wider 
bandwidth  filter  was  somewhat  less  stable  over  the 
same  period  and  may  be  due  to  a  less  pronounced  pass- 
band  amplitude  peak  at  the  frequency  of  operation. 
Further  stability  tests  are  required  in  order  to 
determine  the  upper  stability  limit  for  this  device 
using  a  more  controlled  environment. 

Conclusion 

IVo  recent  SAW  chirp  filter  applications  have 
been  briefly  discussed  with  modifications  made  to 
each.  The  cascading  of  the  less  expensive  "in-line” 
chirp  filters  was  shown  to  be  successful  in  Increas¬ 
ing  the  variable  delay  of  a  variable  delay  device  and 
the  fixed  delay  of  the  filters  was  also  discussed  In 
terms  of  the  delay  device.  Small  fixed  delay  in  the 
variable  delay  device  can  be  obtained  from  chirp  fil¬ 
ters  whose  transducers  are  close  together  and  whose 
dispersion  is  kept  to  a  minimum.  The  chirp  transform 
was  shown  to  operate  with  Identical  filters  as 
opposed  to  the  usual  non- identical  filter  approach. 
However,  the  effective  input  bandwidth  was  shown  to 
be  limited  to  about  half  the  chirp  filter  bandwidth. 

In  addition,  the  chirp  "in-line"  filter  was  used 


along  with  a  standard  amplifier  to  form  an  oscillator 
that  operates  similarly  to  a  delay  line  oscillator, 
but  may  have  added  frequency  selectivity.  However, 
further  work  is  required  to  demonstrate  the  potential 
advantages  of  the  oscillator  device. 

There  are  other  applications  of  chirp  filters  such 
as  in  spread  spectrum1^  and  frequency  hopping, 15  not 
covered  in  this  paper,  but  they  clearly  demonstrate 
that  the  chirp  filter  is  indeed  a  very  useful  and 
versatile  device. 
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Fig.  2  Photograph  of  a  70  MHz  "In-Line"  Disper 
sive  Filter. 
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Fig.  3  Frequency  Response  of  a  10  MHz  Bandwidth 
"In-Line"  Chirp  Filter. 


<F)  Reflective  /'way  Pispersive  Filter 


Chirp  Filter  Schematics  (A)  "In-Line" 
Chirp  (Lxpander)  Transducer  Pattern,  (B) 
Reflective  Array  Dispersive  Filter  Show¬ 
ing  a  Down  Chirp  Grating  Pattern. 
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Schematic  of  Variable  Delay  Line  (Top) 
and  Photograph  (Bottom)  Showing  a  Series 
of  Delayed  Output  Pulses  Taken  at  Dis¬ 
crete  VCO  Settings. 
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Fig.  5  Plot  of  the  Output  Delay  vs  the  VCO  Fre¬ 
quency  and  vs  the  Input  Frequency  for  Two 
Different  Bandwidth  Filters. 


Fig.  7  Schematic  of  the  Chirp  Transform  Proces¬ 
sor. 


Fig.  9  Plot  of  the  Amplitude  Bandwidth  and 
Compressed  Pulse  Bandwidth  of  the 
"Time-Ordered"  Multiplexer  Using  10 
MHz  Chirp  Filters. 
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Schematic  of  the  Variable  Dela>  Line 
(Top)  and  Plot  of  the  Variable  Dela> 
Range  (Bottom)  using  "In-Line"  and  (LAC 
Filters. 
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Photograph  of  Resolution  and  Maximum 
Frequency  Separation  of  the  Chirp  Trans¬ 
form  Processor  Using  Two  Different 
Bandwidth  Filters. 
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10  Plot  of  the  Amplitude  Bandwidth  and 
Compressed  Pulse  Bandwidth  of  the 
"Time-Ordered"  Multiplexer  Using  2.5 
MHz  Chirp  Filters. 
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Summary 

This  paper  will  attempt  at  giving  an  insight  into 
the  various  parameters  that  have  been  proposed  as 
measures  of  frequency  stability.  First,  well- 
documented  classical  parameters  which  have  gained 
wide  acceptance  will  be  recalled.  Emphasis  will  be 
put  on  the  transfer  function  that  links  any  statistical 
time-domain  parameter  to  the  spectral  density  of  the 
frequency  fluctuations. 

Then,  other  parameters  which  have  been  indepen¬ 
dently  proposed  as  possible  substitutes  for  classical 
time  domain  parameters  by  several  authors  will  be 
presented,  using  a  common  terminology  throughout 
the  paper.  The  review  will  cover  the  "transfer  func¬ 
tion  approach"  (Rutman),  the  method  of  the  "finite  ti¬ 
me  frequency  control"  (Picinbono  et  al),  the  time  do¬ 
main  parameter  E[<fm3  (De  Prins  et  al)  and  the 
"structure  function  approach"  (Lindsey  et  al).  The 
transfer  function  will  be  given  for  each  parameter  in 
order  to  show  their  respective  properties.  The  links 
between  the  various  approaches,  and  also  the  links 
with  classical  parameters  will  be  shown. 

In  particular,  a  three-sample  modified  sample 
variance  will  be  defined  which  has  specific  advantages 
relatively  to  the  classical  two- sample  variance  ;  it 
will  be  linked  to  the  3rd  structure  function  of  phase 
noise.  Also,  the  time  domain  parameter  EC/f^^will 
be  linked  to  the  first  structure  function  of  frequency 
noise  and  to  the  two- sample  variance  with  non  adjacent 
samples.  The  Nth  structure  function  of  phase  noise 
will  be  shown  to  be  nothing  but  the  Hadamard  variance 
weighted  by  binomial  coefficients  (Baugh). 

Introduction 

Since  many  decades,  the  ever-increasing  use  of 
electromagnetic  waves  has  created  a  need  for  better 
and  better  frequency  control  in  frequency  sources. 
Very  high  stability  sources  have  been  developed,  such 
as  quartz  crystal  oscillators,  atomic  frequency  stan¬ 
dards  and  more  recently  saturated-absorption  fre¬ 
quency  stabilized  lasers.  These  devices  are  now  used 
in  a  very  great  number  of  scientific  and  technical  ap¬ 
plications.  Hence,  many  people  (oscillator  manufac¬ 
turers,  scientists,  users,  etc. )  need  very  precisely 
defined  specifications  for  frequency  stability  in  order 
to  make  meaningful  comparisons  among  various  sour¬ 
ces,  and  also  to  be  able  to  predict  the  performance  of 
systems  using  these  sources.  Many  papers  have  been 
devoted  to  the  characterization  of  frequency  (instabi¬ 
lity  during  the  last  fifteen  years.  Before  presenting 
the  goals  of  this  paper  wich  deals  mainly  with  instabi¬ 
lity  due  to  random  processes,  let  us  recall  the  histo¬ 


ry  of  frequency  stability  characterization  where  four 
main  periods  may  be  considered  : 

Before  1964,  the  need  for  good  short-term  fre¬ 
quency  stability  arose  in  the  development  of  many 
systems  such  as  Doppler  radar,  coherent  radar,  mis¬ 
sile  and  spacecraft  tracking  and  guidance  systems, 
communication  systems,  frequency  standards,  etc. 
Much  work  was  done  independently  by  many  groups  but 
communication  between  them  was  severely  hampered 
by  the  lack  of  common  ideas,  concepts  and  terminolo¬ 
gy.  At  the  beginning  of  the  sixties,  the  need  for  clari¬ 
fication  was  obvious. 

1964-  1966.  The  first  (and  unique  up  to  now)  sym¬ 
posium  devoted  solely  to  the  subject  of  short  term  fre¬ 
quency  stability  was  held  in  November  1964*.  Follo¬ 
wing  this  symposium,  a  technical  subcommittee  dealing 
with  frequency  stability  has  been  created  within  the 
IEEE,  the  ultimate  aim  being  an  IEEE  standard  on  the 
definition  and  measurement  of  both  short-term  and 
long-term  stability.  A  special  issue  of  the  Proceedings 
of  the  IEEE  devoted  to  frequency  stability  was  publi¬ 
shed  in  February  1966^.  It  is  during  that  period  that 
the  first  basic  papers  dealing  explicitely  with  concepts 
such  as  time  domain  and  frequency  domain  characte¬ 
rization  were  published3.  4,  5. 

1 966-1971  ■  After  1966,  many  people  have  used 
some  of  the  parameters  introduced  in  references  ! 
and  2.  But  some  important  questions  still  needed  a 
clear  answer,  such  as  :  what  measurement  process 
should  be  used  to  get  an  estimate  of  the  variance  of 
frequency  fluctuations  averaged  over  a  time  interval 
t  ?  In  1970-1971,  the  IEEE  Subcommittee  gave 
some  answers  by  recommending  two  measures  for 
frequency  stability,  Sy(f)  in  the  Fourier  frequency  do¬ 
main  and  <T y(X  )  in  the  time  domain6,  7  During  that 
period,  many  scientists  around  the  world  realized  that 
much  work  (both  theoretical  and  experimental)  was 
still  necessary  in  order  to  get  a  good  understanding  of 
the  problems  involved  in  oscillator  frequency  stability 
characterization  and  measurement. 

After  1971 ,  the  two  recommended  parameters 
have  gained  wide  acceptance  in  the  time  and  frequency 
community®,  especially  the  square  root  of  the  two- 
sample  zero-dead-time  (Allan)  variance  (T^  (tT). 

But  during  the  same  period,  several  authors  have 
independently  proposed  other  approaches  with  new 
parameters  which  are  believed  to  exhibit  some  speci¬ 
fic  advantages  when  compared  to  a  classical  parame¬ 
ter  such  as  <Ty(Tf).  Also,  some  authors  have  pointed 
out  that  mathematical  mistakes  had  been  made  in  the 
pioneering  papers  of  1964-1966,  although  many  useful 
practical  results  were  obtained. 
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The  goals  of  this  paper  are  : 

.  to  recall  briefly  some  of  the  mathematical  pro¬ 
blems  that  arise  when  dealing  with  random  mo¬ 
dels  for  phase  and  frequency  noises  in  oscilla¬ 
tors. 

.  after  a  description  of  the  classical  parameters, 
to  present  the  non-classical  concepts  and  para¬ 
meters  that  have  been  proposed  by  several  au- 
thors^®.  22,  23,  24,  including  the  relationships 
between  them  when  they  exist,  and  with  S„(f)and/ 
or  0*  (' C).  In  particular,  emphasis  will  be  put 
on  the^transfer  function  that  allows  one  to  link 
any  time  domain  parameter  to  the  spectral  den¬ 
sity  Sy(f). 

With  new  sources  to  be  developed  and  new  applica¬ 
tions  of  ultra-stable  oscillators,  a  need  for  more  so¬ 
phisticated  parameters  than  the  classical  ones  used 
to-day  may  arise  in  the  future.  Also,  these  new  para¬ 
meters  may  be  better  tools  for  studying  the  statistical 
properties  of  noise  in  oscillators. 

Mathematical  models  for  phase  and  frequency  noises. 

At  first,  it  is  important  to  emphasize  on  the  fact 
that  the  two  following  facets  are  often  confused^.  32  • 

.  the  real  world,  with  its  physical  vices,  mea¬ 
surement  apparatus,  experimental  results  deri¬ 
ved  from  reading  meters,  counters,  dial  settings 
and  so  on. 

.  the  mathematical  model,  with  the  means  and  ru¬ 
les  for  operating  with  the  symbols  introduced  in 
it. 

In  an  ideal  world,  the  correspondence  between  the 
physical  reality  and  the  model  should  be  perfect.  In 
fact,  the  real  world  is  so  complex  that  many  details 
are  ignored  in  the  model  and  therefore,  the  corres¬ 
pondence  is  incomplete  and  imprecise.  On  the  other 
hand,  some  properties  that  have  no  direct  meaningful 
counterparts  in  the  real  world  have  to  be  introduced 
in  the  model  in  order  to  make  a  tractable  model  (eg  : 
stationarity  properties  of  random  processes).  In  any 
case,  the  model  must  be  well  defined  from  the  mathe¬ 
matical  point  of  view. 

For  oscillator  specifications,  the  model  which  has 
been  found  useful  in  order  to  represent  the  instantane¬ 
ous  quasi-sinusoidal  output  signal  reads  as?.  32  : 

V(fc)=[V0t£.(t)J^n.[^TTvit  +•  ?(t)]  (i) 

Vo  and  VQ  the  nominal  amplitude  and  frequen¬ 
cy  respectively  ;  £(t)  and  ^(t)  are  random  processes 

denoting  amplitude  noise  and  phase  noise  respectively. 
Amplitude  noise  does  not  contribute  directly  to  phase 
noise,  although  AM  to  PM  noise  conversion  can  occur 
in  some  non-linear  devices.  Very  often,  £(t)  is  ne¬ 
glected  and  the  model  reads  as  : 

V(t)  «*.  VQ  [4TT>(,t  +-  ^(t)3  <2> 

The  key  element  in  this  model  is  the  random  process 
whose  statistical  properties  have  to  be  specified 
(eg  stationarity  or  non  stationarity)  before  doing  cal¬ 
culations  or  using  results  from  the  random  process 
theory.  In  working  with  this  model  of  V  t),  it  is  com¬ 


mon  to  introduce  the  instantaneous  angular  frequency 
of  the  signal  defined  as  the  time  derivative  of  the  to¬ 
tal  instantaneous  phase  4.  5,  7  . 

<a)(t)  =  _fL  (wct  +•  £(t))  ~  u)g+-  (3) 

djc 

where  tf(t)  =  d  *t,(t)  is  a  random  process  denoting 
dt 

angular  frequency  fluctuations  around  the  value  (j^  of 
the  ideal  noiseless  oscillator.  Very  often  in  the  past, 
both  H(t)  and  t )  have  been  assumed  to  be  simulta¬ 

neously  zero  mean,  stationary  random  processes.  In 
fact,  things  are  not  so  simple  when  dealing  with  deri¬ 
vative  or  integral  of  random  processes  10,  1 1.  Let  us 
consider  some  of  the  problems  that  may  appear. 

Stationarity  of  *f(t). 

As  far  as  the  model  is  concerned,  it  is  very  con¬ 
venient  to  assume  a  priori  the  stationarity  (at  least 
at  the  second  order)  of  ^(t),  since  much  of  the  theory 
or  random  processes  is  only  valid  in  this  case,  espe¬ 
cially  spectral  analysis  using  the  correlation  function 
and  the  spectral  density^.  But  the  theoretical  analy¬ 
sis  of  internal  white  noise  in  oscillators  leads  to  a 
phase  diffusion  process  analog  to  the  Brownian  motion 
which  is  clearly  a  non- stationary  process^,  13,14  ; 
in  this  case,  it  is  impossible  to  introduce  rigourously 
a  correlation  function  or  a  spectral  density  of  the  pha¬ 
se,  although  it  has  been  made  by  many  authors.  More 
generally,  when  physical  arguments  show  that  it  is 
reasonable  to  use  a  stationary  model  for  t£(t),  it  can 
be  seen  from  the  integral  relationships  between  <f(t) 
and  >^(t)  that  the  latter  is  not  always  a  stationary 
process  with  integrable  spectral  density10.  When 
dealing  with  the  power  law  spectral  density  model®’  ' 
which  has  been  found  very  useful  to  represent  the  va¬ 
rious  types  of  noise  in  sources,  one  has  to  be  aware 
of  the  problems  due  to  the  non-integrability  of  these 
laws  and  hence  of  their  lack  of  significance  as  spec¬ 
tral  densities  when  they  are  extrapolated  down  to  the 
zero  frequency. 

Existence  of  ^(t). 

Another  problem  when  dealing  with  models  for 
phase  and  frequency  noises  is  that  the  quantity  «^(t), 
whose  physical  interpretation  seems  obvious,  is  not 
always  mathematically  defined  since  many  random 
processes  have  no  derivative  at  least  in  the  function 
sense  (eg  an  oscillator  with  phase  jumps  at  random 
instants,  or  with  a  phase  diffusion  process)10. 

As  a  rule,  a  stationary  process  'f(t)  is  diffe¬ 
rentiable  in  the  mean  square  sense  if  its  correlation 
function  has  derivatives  of  order  up  to  two  ; 

the  correlation  function  of  »{(t)  reads  then  as*  1  : 

R.r-c) -  oCRt(t>  (4) 

T  ol'C1 

In  conclusion,  one  has  to  be  very  careful  when 
dealing  with  mathematical  models  for  phase  and  fre¬ 
quency  noises  since  one  may  be  led  to  use  non-existing 
quantities  such  as  <^(t)  or  S^(f)  .  The  reader  is 
referred  to  the  references  for  more  details. 
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Characterization  of  frequency  stability  :  a  review  of 
classical  ideas. 

Sources  manufacturers  and  users  are  obviously 
interested  in  the  stability  of  the  output  frequency  and 
hence,  as  far  as  the  model  is  concerned,  with  the  sta¬ 
tistical  properties  of  <{(t),  assuming  that  this  process 
exists.  We  now  survey  the  classical  parameters  that 
have  been  introduced  as  measures  of  frequency  stabi- 
lity3,  4,  5,  7  Tke  Hadamard  variance^  which  is  used 
by  several  laboratories  will  be  also  discussed  here. 

Fourier  frequency  domain. 

Any  stationary  random  process  may  be  characte¬ 
rized  in  the  Fourier  frequency  domain  by  its  spectral 
density  which  is  the  Fourier  transform  of  its  corre¬ 
lation  function Let  us  denote  the  frequency  fluctua¬ 
tions  by  AV(t)  =  ■  and  the  fractional  instanta¬ 

neous  (angular)  frequency  noise  by  : 

u(t)  =  =  (5) 

a  u)„ 

Assuming  that  (t)  exists  and  that  it  is  stationa¬ 
ry,  it  is  possible  to  consider  the  following  spectral 
densities'  (f)  ,  SA>;  (f)  and  Sy(f).  If  <£(t)  is  also 
a  stationary  process,  its  spectral  density  S  ^  (f)  is 
defined  unambiguously.  The  relations  between  these 
spectral  densities  read  as  : 

s^cf)=  rff's-in  =  4Ttlsav(f) 

Vf)  =  ^vM4)V> 

The  IEEE  subcommittee  has  recommended  the 
use  of  the  one-sided  spectral  density  Sy(f)  on  a  per 
Hertz  basis  as  a  measure  for  frequency  stability  in 
the  Fourier  frequency  domain*’’  7.  The  actual  experi¬ 
mental  estimations  of  spectra  can  be  quite  elaborate. 


been  suggested  as  measures  of  frequency  stabil:ty  in 
the  time  domain.  Several  cases  have  to  be  considered 
according  to  whether  the  data  are  continuous  or  dis¬ 
crete,  infinite  or  finite  in  length. 

Continuous  data  and  infinite  data  length. 

One  of  the  first  parameters  that  has  been  sugges- 
ted^,4  as  a  measure  for  frequency  stability  over  a  ti¬ 
me  interval  t  is  the  true  variance  of  y^  defined  as  *: 

!*(*>=  <r‘L^  =  <J*>  (8) 

This  definition  implies  continuous  data  and  infini¬ 
te  data  length  ;  more  practical  situations  will  be  con¬ 
sidered  later. 

The  relation  between  I2(tf)  and  Sy(f)  reads  as^’^: 

iV)-[s,(f)(4^Li)*af  (9i 

This  relation  shows  the  limitations  of  the  true  va¬ 
riance  I2(lf  )  as  a  practical  measure  for  frequency 
stability  :  since  the  transfer  function  that  appears  in 
the  integral  behaves  as  1  for  Ttrf  «  1,  l2(X)  is  very 
sensitive  to  the  low  Fourier  frequency  components  of 
Sy(f)  which  may  be  due  to  more  or  less  random  slow 
drifts.  Moreover,  the  integral  diverges  for  the  flicker 
frequency  noise  model  (Sy(f)  rv/f"1),  whereas  flicker 
frequency  noise  has  been  found  to  exist  in  all  sources, 
at  least  over  a  finite  Fourier  frequency  range  going 
down  to  very  low  frequencies.  That  is  why  the  true 
variance  is  an  idealization  whose  utility  is  very  limi¬ 
ted  for  practical  characterization  of  real  oscillators. 
One  way  to  get  rid  of  these  problems  is  to  consider 
the  more  realistic  case  of  finite  data  length4. 

Continuous  data  and  finite  data  length. 


Time  domain. 


Although  the  spectral  density  Sy(f)  contains  the 
whole  information  on  the  relative  frequency  stability, 
experimenters  often  need  a  quantitative  measure  of 
the  level  of  frequency  fluctuations  measured  over  a 
time  interval  :  this  is  the  primary  goal  of  a  time 
domain  parameter.  Since  random  phenomena  are  in¬ 
volved,  many  measurements  have  to  be  made,  each  of 
duration  'C .  before  calculating  a  statistical  meaning¬ 
ful  parameter  such  as  the  variance. 


In  the  following,  we  will  use  mainly  y(t)  which  is 
assumed  to  be  a  zero  mean  stationary  random  process 
Any  experimental  apparatus  devised  to  measure  the 
(fractional)  instantaneous  frequency  always  involves 
a  finite  averaging  time  interval  X  ;  the  result  of  one 
measurement  of  duration  X  beginning  at  t^  will  be  de¬ 
noted  as  :  feae'E 


Obviously,  yk  is  a  random  variable  and  statistical 
parameters  have  to  be  used  to  measure  the  dispersion 
of  yi<  when  many  measurements  are  made. 


We  present  here  the  various  parameters  that  have 


The  definition  of  I  (X)  assumes  that  y(t)  exists  for 
all  time  but  in  practice,  real  signals  only  exist  over 
some  finite  time  interval  TQ.  Under  these  conditions, 
one  can  only  make  estimates  of  true  statistical  para¬ 
meters,  these  estimates  being  themselves  random  va¬ 
riables  with  average  values,  variances  and  so  on.  In 
our  problem,  the  average  value  I^(  X  !  T0)  of  the  es¬ 
timate  of  I2('t)  made  over  a  time  interval  TQ  is  rela¬ 
ted  to  Sy(f)  by*  : 

It  differs  from  equation  (9)  in  that  the  low  frequen¬ 
cy  part  of  the  spectral  density  (below  about  T"*)  is 
effectively  removed  before  the  integration**  .  In  par¬ 
ticular,  the  integral  converges  for  the  flicker  frequen¬ 
cy  noise  model  since  the  transfer  function  in  (10)  be¬ 
haves  as  for  |1  (TQ  -  V  )f  «1 . 

Let  us  now  consider  the  case  of  discrete  data 
which  is  closer  to  the  physical  reality  when  measure¬ 
ments  are  made  with  digital  counters. 

*  As  only  one  (or  a  few)  oscillator  is  usually  availa¬ 
ble  to  the  experimenter  for  measurement,  one  will 
use  time  average  of  random  quantities,  the  infinite 
time  average  of  x  being  denoted  as  <x>. 

**T0-trappears  in  place  of  T0in  (10),  since  onlyT0-'C 
is  available  for  averaging. 
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Discrete  data. 


As  the  period  or  frequency  counting  technique 
using  digital  counters  is  very  often  used  for  data  acqui¬ 
sition,  estimates  of  l2(tf)  or  I^( 't,  T0)  have  to  be 
made  from  a  finite  number  of  discrete  samples  of  yjf 
An  analysis  of  this  estimation  process  involving  the 
sample  variance  has  been  developed  by  Allan®  and  will 
be  recalled  here.  Let  us  consider  a  measurement  cy¬ 
cle  involving  N  discrete  measures  of  yj,  with  It  the 
averaging  time,  T  the  time  interval  between  the  begin¬ 
nings  of  two  successive  measurements  (T  =  t?  +  dead 
time  between  successive  measurements),  and  fM  the 
measurement  bandwidth  (figure  1).  The  sample  varian¬ 
ce  is  defined  as*  : 


It  is  itself  a  random  variable  whose  infinite  time 
average  «r,W,WH»  has  to  be  considered  in  order 
to  get  a  statistically  significant  measure  of  frequency 
stability. 


2 

For  noises  for  which  I  (  X  )  exists,  it  is  the  limit 
of  as  N— >00  .  But  in  many  cases,  it 

would  be  wrong  to  assume  that«Hj  converges 


to  a  meaningful  limit  as  N- 


The  following 


(12) 


relation  has  been  established  by  Cutler'  : 

For  NlfTf  «  1,  the  transfer  function  behaves  as 
and  the  integral  converges  for  the  fli- 

3 

cker  frequency  noise  model. 


The  two- sample  (Allan)  variance. 

In  order  to  improve  comparability  of  data,  it  is 
important  to  specify  N,  T,T  and  fw  with  any  results. 
In  1971,  the  IEEE  subcommittee  has  recommended  the 
choice  of  the  two-sample  (N  =  2),  zero-dead-time  (T  = 
X  )  sample  variance”’  7.  The  proposed  measure  of 
frequency  stability  in  the  time  domain  reads  then  as**: 

~  lekt>  ( 1 3) 

(T^  (X)  is  an  idealization  in  the  sense  that  only  estima¬ 
ted  of  the  infinite  time  average  can  be  obtained  experi¬ 
mentally  over  a  finite  total  duration  time1®.  But  even 


The  factoiy-j  was  chosen  instead  of-jq  in  order  to 

get  an  unbiased  estimate  of  the  true  variance  for 
white  frequency  noise,  for  any  finite  value  of  N3j,2. 
Other  factors  may  be  chosen  in  order  to  suppress 
the  bias  for  other  noises1**.  Often,  fM  is  not  ex- 
plicitely  stated  in  the  formulas. 

**No  recommendation  was  made  for  the  value  of  fH 
to  be  used.  AsflT^  (V)  may  depend  on  f^  in  some 
cases  ,  it  is  important  to  specify  f„with  any  expe¬ 
rimental  result  (1  or  2  kHz  BW  is  often  used). 


as  an  idealization,  it  has  greater  utility  than  I^(  Tt ) 
since  it  converges  for  noise  processes  that  do  not  have 
convergent<(r2(N,  T,  f ,  fg  )>  as  N-^aa  (particularly 
for  flicker  frequency  noise). 

For  N  =  2  and  T  =  X  ,  equation  (12)  reduces  to17  : 

2  <■« 

where  the  transfer  function  behaves  as  2(Ht'f  )  for 
Tfef  «  1,  explaining  thus  the  convergence  for  Sy(f) 
/vf-1  (see  figure  2). 

The  plot 8  giving  (Ty(X)  versus  V  are  now  very 
familiar  to  everyone  working  in  the  field.  In  certain 
cases,  the  laws  of  0"y(tJ)  versus t enables  one  to  dedu¬ 
ce  the  kinds  of  noise  that  exist  in  the  source^,  but  the¬ 
re  are  some  limitations  due  to  the  fact  that  the  main 
lobe  of  the  transfer  function  shown  on  figure  2  is  too 
wide  to  allow  high  resolution  spectral  analysis  of  y(t). 
As  an  example,  both  white  and  flicker  phase  noises 
(S  »  (f)  =  constant  and  >*f  ,  respectively)  lead  to  a 

*  law  for  or  (X).  In  fact,  the  two-sample  variance 
is  a  useful  tim?  domain  parameter  whose  primary  use 
is  not  spectral  analysis  (although  it  is  possible  for  so¬ 
me  power  laws). 

The  Hadamard  variance. 


Since  the  spectral  density  is  a  very  important  pa¬ 
rameter,  and  since  time  domain  measurements  of  yj 
with  counters  are  very  convenient,  Baugh  has  introdu¬ 
ced  a  statistical  parameter,  the  Hadamard  variance1  5, 
which  allows  one  to  make  estimates  of  Sy(f)  from  mea¬ 
surements  of  yj.  The  Hadamard  variance  is  defined 
from  ensembles  of  N  measurements  of  yj  as  follows 
(see  figure  3a)  : 


<<W,  *»-<(»,.  -K)‘>  <■» 

As  any  other  time  domain  parameter,  it  may  be  writ¬ 
ten  under  the  general  form  : 

<<r‘{N,T,r)>  =  J  S^(f)  |HM(f)|*<Af  (it) 

where  IHJOl*  is^now  given  by ^  ^  (see  figure  3b) 

Although  this  transfer  function  has  a  narrow  main  lobe 
centered  at  Fourier  frequency  f,  1  it  has  two 


07) 


2  T 


limitations  : 


.  when  T  =  tf  (adjacent  samples),  spurious  respon¬ 
ses  exist  at  odd  harmonics  of  fj  ;  this  can  be  partly 
eliminated  with  an  optimum  dead-time  between  sam¬ 
ples1  5. 

.  the  transfer  function  has  large  sidelobes  around 
the  main  lobe  ;  these  can  be  modified  or  even  elimina¬ 
ted  by  multiplying  each  yj  within  the  set  of  N  measure¬ 
ments  by  an  appropriate  weighting  coefficient  ;  the 
binomial  coefficients  completely  eliminates  the  side 
lobes1  5.  The  Hadamard  variance  weighted  by  binomial 


2*4 


hr  A 


coefficients  (B.  C. )  reads  as*  : 

<<c(wja»=<  (li-ifXtX)  i)A  >  <i  s) 

with  N  even. 

In  this  case,  the  transfer  function  is  given  by 5  2®: 

Figure  4  shows  this  function  for  T  =  %  and  N  =  10. 

Experimentally,  the  Hadamard  variance  is  very 
useful  since  it  extends  frequency  domain  measure¬ 
ments  down  to  very  low  Fourier  frequencies  using  a 
digital  counter  working  in  the  time  domain  with  long 
tf .  Other  improvements  have  been  proposed  in  or¬ 
der  to  suppress  some  of  the  spurious  harmonic  res¬ 
ponses  20,21 


New  ideas  for  characterization  of  frequency  stability. 

Following  the  recommendation  of  the  IEEE  sub¬ 
committee,  the  two- sample  variance  has  been  very 
widely  used  as  a  time  domain  measure  of  frequency 
stability.  However,  several  authors  have  found 
useful  to  develop  other  approaches  leading  to  new 
parameters  which  are  believed  to  be  more  "efficient" 
than  C2  (V)  in  some  respect.  The  Hadamard  varian¬ 
ce  was^a  first  example  of  a  parameter  with  greater 
spectral  analysis  capability. 

In  this  section,  we  present  the  main  aspects  ** 
of  these  other  approaches  while  trying  to  establish 
the  links  between  them,  and  with  the  classical  para¬ 
meters.  Emphasis  will  be  put  on  the  transfer  func¬ 
tion  H(f)  since  each  new  parameter  C2(%)  may  be 
written  as  : 

<rV)«  {Su(f)  (zo) 

Instead  of  using  the  various  symbols  used  in  the  ori¬ 
ginal  papers,  we  will  use  here  the  terminology  usual¬ 
ly  used  in  the  time  and  frequency  literature^  except 
when  new  symbols  are  necessary  for  clarity.  The 
review  will  cover  approaches  proposed  by  Rutman22, 
Picinbono  et  al5*3,  De  Prins  et  al25  and  Lindsey  et 
al2*. 

22 

The  transfer  function  approach  ■ 

Classically,  any  time  domain  parameter 
is  defined  by  its  measurement  sequence  in  the  time 
domain  (involving  quantities  such  as  N,  T.Vand 
possibly  weighting  factors).  Then  the  relationship 
between  f2(X)  and  Sy(f)  is  established  and  reads  as 
equation  (20),  where  the  transfer  function  H(f)  is 
the  Fourier  transform  of  a  discontinuous  function  of 
time  which  resembles  the  measurement  sequence 
(as  an  example,  see  figures  2  and  3).  Hence,  the 
transfer  function  results  unambiguously  from  the 
measurement  cycle. 

In  the  transfer  function  approach,  a  time  domain 
parameter  is  defined  by  its  transfer  function  even  if 
no  practical  measurement  sequence  exists  in  the  ti¬ 
me  domain  (i.e.  implementable  with  a  digital  coun¬ 
ter).  The  theoretical  interest  of  this  approach  is 
that  it  leads  to  a  better  understanding  of  the  rela¬ 


tionships  between  time  domain  and  frequency  domain 
measures22.  The  practical  interest  is  that  it  leads  to 
an  easily  implementable  experimental  test  set  using 
the  phase  detector  technique  :  the  defined  parameter 
is  measured  by  analog  filtering  the  demodulated  pha¬ 
se  noise  at  the  output  of  a  mixer  driven  with  two  si¬ 
gnals  at  the  same  nominal  frequency  and  placed  in 
quadrature2^. 


Two  new  variances  have  been  defined  using  this 
approach. 


The  high-pass  variance 


o&(*> 


It  is  defined  by  high-pass  filtering  the  demodula¬ 
ted  phase  noise  <{(t)  with  a  filter  whose  low  frequen¬ 
cy  cutoff  is  K  *  (t .  MO! 


More  precisely  ***. 


(21) 


The  detailed  study  of  has  shown  that  it  has 

the  same  general  behavior  as  iT2(2f  ),  except  for  a 
numerical  constant  of  the  order  df  unity.  Particular¬ 
ly,  both  have  the  same  laws  versus  V  and  the  same 
dependence  (or  independence)  versus  f^  for  the  po¬ 
wer  law  spectral  density  model.  Also,  the  high  pass 
behavior  of  sin^TTef  explains  clearly  why0'2('tf  )  jS 
not  selective  enough  to  give  two  different  la^s  ver¬ 
sus  t  for  white  and  flicker  phase  noises  for  which 
<Ty(TT)  ~  * .  This  parameter  shows  clearly  that 

the  stability  over  a  time  interval  “IT  is  equally  due  to 
all  Fourier  frequency  components  of  S  ^  (f)  lying 
above  ft  =  (W  )-3,  and  hence  that  the  periodic  be¬ 
havior  of  sin'iVtf  in  equation 


f  S  (f)  AWK^TTtF  (22) 

is  not  critically  important  for  the  general  behavior 
of  <r2(t  ).  A  bandpass  filtering  of  the  demo¬ 

dulated  frequency  noise  is  also  possible5^  to  estima¬ 
te  <ry(t:). 


The  bandpass  variance. 

Having  recognized  the  origin  of  the  lack  of  se¬ 
lectivity  of  <r2('C)  or  (*>  ,  it  is  interesting  to 
define  a  new  variance  in  such  a  way  that  its  transfer 
function  be  selective,  i.e.  bandpass.  The  first  at¬ 
tempt  through  a  more  complicated  measurement  se¬ 
quence  in  the  time  domain  was  the  Hadamard  varian¬ 
ce  with  its  inherent  limitations.  The  transfer  func¬ 
tion  approach  allows  one  to  define  a  bandpass  varian¬ 
ce  in  a  logical  way  as  : 

where  Hpf(f>  is  the  transfer  function  of  a  bandpass 


*  The  weighting  by  binomial  coefficients  appears 
in  a  logical  way  by  considering  the  Nth  phase 
increment  introduced  in  1966  by  Barnes3-5  and 
used  again  in  20>  24,  25. 

**  For  more  details,  the  reader  is  refered  to  the 
original  papers. 

***  By  analogywith  the  relation  between  fy(tr)  and 
S^(f),  see  equation  (22). 
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filter  whose  center  frequency  is  equal  to*  fQ  =  (2tr) 

and  with  constant  Q  factor  as  f  varies. 

o 

The  selectivity  is  now  sufficient  to  distinguish 
between  white  phase  noise  and  flicker  phase  noise  for 
which  <r»>)  aj  'C'3  and  °Vr  ft)  nj  V*"  respec¬ 
tively  (with  no  dependence  on  ).  For  other  noises 
such  as  white  or  flicker  frequency  noises,  ft )  is 
an  estimate  of  the  two- sample  variance. 

Obviously,  the  bandpass  variance  is  nothing  but 
an  analog  constant  percentage  bandwidth  spectral 
analysis  of  phase  noise  presented  in  the  time  domain 
through  equation  (23).  In  a  certain  sense,  the  band¬ 
pass  variance  is  the  ideal  ultimate  goal  which  is  pur¬ 
sued  by  improving  the  Hadamard  variance*1^*  2®*  2* 
since  all  the  improvements  are  made  in  order  to  get 
a  narrow  bandpass  transfer  function  without  any  side- 
lobes  or  spurious  harmonic  responses. 

Method  of  the  Finite-Time  Frequency  Control^, 


Continuous  data. 

2 

Noting  the  limitations  of  <T y(tT )  with  regard  to 
the  possibility  of  separating  "slow"  fluctuations  from 
"fast"  ones  (i.  e.  to  speak  of  "short"  term  and  "long" 
term  stability)  and  with  regard  to  the  possibility  of 
making  an  accurate  spectral  analysis  of  y(t),  Picinbono 
et  al*®  have  developed  a  method  based  on  the  study 
of  the  quantity  : 

Y^=  7t-  ^  _  1141 

which  is  obtained  by  substracting  from  its  time 
average  over  an  observation  time  T0  arount  t  (not  to 
be  confused  with  T  appearing  in  O' 2  (N,  T,tr  )  ). 

The  variance  of  this  quantity  is  a  recodified  version  of 
the  true  variance  I2('t)  given  by  equation  (8),  which 
is  now  also  a  function  of  T0  ;  let  us  denote  it  as  : 


nVr.)=  <r%l  Yt/T#] 


(2  5) 


Since  y(t)  is  assumed  to  be  a  zero-mean  process,  the 
true  variance  is  the  limit  of  D  when  T_ 

—*  *o.  0 

The  interest  of  Tto X)  with  respect  to  other 
parameters  such  as  iVt),  X*(tjT,)  or  <r2W  co¬ 
mes  from  its  relationship  to  Sy(f),  since  : 

(i-  a  m) 

This  expression  differs  from  equation  (9)  in  that  the 
low  frequency  portion  of  the  spectrum  is  removed  be¬ 
fore  the  integration.  For  irXf  «*■!  ,  the  transfer 
function  in  (26)  behaves  as  and  the  fil¬ 

tering  is  hence  more  abrupt  that  the  one  appearing 
in  equation  (10)  giving 

More  precisely,  for  the  power  law  spectral  model 

i  I2(r )  is  finite  for  si  up  to  «<  1, 
I2(  t"  >  )  and  for  «l  up  to  «<  <  3, 

whereas  is  finite  for  •(  up  to  g  <  5. 

Hence,  the  finite-time  frequency  control  method  al¬ 
lows  one  to  study  spectral  densities  with  greater  ex¬ 
ponent  ("stronger  nonstationarity")  without  divergen¬ 
ce  problems  (at  least  for  e<  <  5).  However,  at  the 


best  of  my  knowledge,  frequency  noise  processes  with 
of  ^  3,  have  not  been  reported  for  real  sources  over 
the  Fourier  frequency  range  covered  by  existing  expe¬ 
rimental  measurement  systems.  Besides, 
is  believed  to  be  more  adequate  that  for  se¬ 

parating  "slow"  from  "fast"  fluctuations  in  y(t),  and 
also  for  the  precision  obtained  by  finite-time  measu¬ 
rements^®. 


Disc rete  data. 


Since  digital  counters  give  only  discrete  samples 
“j,  an  estimate  of  3  using  N  values  of"yj 

(i  =  1  to  N)  must  be  considered.  With  N  odd,  a  modi¬ 
fied  sample  variance  may  be  written  as  : 

V _  <*” 

N  being  odd,  <4.0.4  denotes  the  central  sample 

*  — T —  ^ 

within  the  set  of  N  samples.  2*(N,T,r)  is  itself  a 
random  variable  the  infinite  time  average  of  which  is 
related  to  Sy(f)  by*®  : 

For  N*Tf«l,  the  transfer  function  behaves  as 

(S-tfsgpl 

up  to  •!  <  5. 


(28) 


and  the  convergence  exists  for  •< 


A  modified  three-sample  variance. 

With  arguments  similar  to  those  used  for  the  clas¬ 
sical  sample  variance  <T^  (  Ny  T,  )  ,  it  is  interes¬ 

ting  to  consider  a  particular  modified  sample  variance 
Zy  \  t4/T/  t:  /  ,  namely  the  one  with  T  =  t? 

(adjacent  samples)  and  N  =  3  (the  smallest  possible 
value  of  N  with  this  parameter).  Then,  equations  (27) 
and  (28)  reduces  respectively  to  : 


(29) 


(30) 


is  conver- 


The  transfer  function  is  such  that  Zjft) 
gent  for  o<  up  to  e<  <  5.  It  is  easy  to  see  that 

^  *•  th«  square  of  the  Fourier 

transform  of  the  measurement  sequence  of 

(see  figure  4).  For  values  of  K 
where  (tr)  converges,  and  CjCtr) 

have  the  same  laws  versus  X  and  fM  and  very  close 


numerical  values. 


23 


Time  domain  approach  using  .ELM 

Another  time  domain  approach  has  been  suggested 
by  De  Prins  et  al  which  is  a  measure  of  the  dispersion 
of  instantaneous  frequency  measurements  made  over 
an  ensemble  of  sources  at  time  t„+  mT,  (m  integer), 
relatively  to  the  reference  time  tQ. 


*It  is  the  center  frequency  of  the  first  lobe  of 
for  which  Q  =  1,  37. 
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Let  us  assume  that  y(t)  is  sampled  at  tQ,  t j  =t  +Tj  , 

.  .  .  im=t0<mTj  ,  with  a  zero  averaging  time  tT  •  This 
sampling  gives  a  set  of  instantaneous  values  of  y(t) 
y0.  yj,  .  .  .  ,  y  The  parameter  is  then  defined  as 

Eli*1 3  =  EiCu  -*fj  (31) 

Q++.  Co 

Since  only  one  sample  of  y(t)  is  usually  available  to 
the  experimenter,  this  parameter  has  to  be  estimated 
according  to  the  measurement  sequence  described 
in27. 


The  relation  between  this  parameter  and  Sy(f) 
reads  as^7  • 

00 

J  $„(f)  4 f  iS  (32) 

^  Q  o 

where  the  transfer  function  is  now  a  periodic  undam¬ 
ped  waveform.  Application  of  this  relation  with  the 
power  law  spectral  density  model  allows  one  to  study 
the  evolution  of  e  li&3  with  m,  which  represents  the 
evolution  of  the  dispersion  of  results  as  time  pas- 
ses^»2“7.  -phis  is  quite  different  from  the  evolution 
of  a  variance  with  averaging  time  1?  (which  is  assu¬ 
med  to  be  zero  in  (31)  ).  In  particular,  for  white  fre¬ 
quency  noise,  is  constant,  whereas  for 

flicker  frequency  noise,  a  logarithmic  variation  in 
time  appears27. 


Relation  with  the  sample  variance. 

Although  the  approaches  are  quite  different  from 
the  conceptual  point  of  view,  a  simple  relation  may 
easily  be  written  between  and  the  sample 

variance  since  for  N  =  2  and  t:  =  0,  equation  (IE) 
may  be  rewritten  as  : 


(33) 


(34) 


«r* (3,T,  0)  >  =  Z  J  S^f)WnTf  JS 

And  hence,  denoting  T  =  mTs,  one  gets  **  : 

=  Z<<rjU,T,0)> 

Non-zero  averaging  time  t! . 

By  keeping  the  same  philosophy  as  above,  it  is 
possible  to  introduce  a  non-zero  averaging  time  V 
in  the  definition  of  the  parameter,  being  thus  closer  to 
practical  measurement  sequences.  Then,  yQ  and  ym 
in  (31)  are  replaced  by  yQ  and  “m  (se£  equation  (7)  ) 
and  the  new  parameter,  denoted  ll<T,T),  is  equal 
to  twice 

(35) 


if 


l\(T;Z)s 

In  this  approach,  for  a  fixed  value  of  f ,  lJj(T;'C)is 
plotted  as  a  function  of  T.  The  bias  function  Bj  stu¬ 
died  by  Barnes2®  is  useful  since  it  gives  the  link 
between  <flrj  (Z,T,t)  >  and  <«£(*,*>*»  . 

For  TyZ-.  <c\(Z,T,v)>=  <rf(tr) 

white  and  flicker  phase  noises 


for 


«r^(4,T/r)>  =■  <r^('C) 

white  frequency  noise  ; 

<  <Tj  (2,  T,  *  )  >  > 

flicker  frequency  noise. 


<r„\  to 


for 


for 
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Structure  function  approach  *  . 

Lindsey  and  Chie  have  re -interpreted  oscillator 
instability  measures  in  terms  of  the  Kolmogorov2*5 
structure  functions.  When  applied  to  phase  and  fre¬ 
quency  fluctuations  in  oscillators,  this  approach  plays 
a  unifying  role  and  offers  a  unified  mathematically  cha¬ 
racterization  of  phase  instability  and  frequency  instabi¬ 
lity  ;  besides,  it  shows  the  degree  of  lameness  of  the¬ 
se  two  concepts  and  their  interconnections  with  other 
stability  measures.  In  particular,  it  has  been  shown 
how  I2(  t  )  and  Q'~(H )  are  related  to  structure  func¬ 
tions2’1  2  .  It  will  be  shown  here  that  other  parame¬ 
ters  such  as  <«  «:>  ,  Z)(v)  ,  ETL^3 

and  i;(T;r)  may  also  be  re-interpreted  in 
terms  of  structure  functions. 

Other  advantages  of  structure  functions  have  been 
outlined  in2^*  25(  especially  its  ability  to  deal  with  pro¬ 
blems  associated  with  the  long  term  frequency  drifts 
and  the  flicker-type  noises. 

Definition  of  structure  functions. 

The  Nth  increment,  N  y  1,  of  a  random  process 
x(t)  is  defined  by  : 

( t;t)  ==  jSLJr* l)1  (*) x(t+  (N-t)c)  (36) 

x(t)  is  called  a  process  with  stationary  Nth  increment50 
if  the  following  mathematical  expectations  : 

£L  £?X(t;-fc)3  SB.  r(r>  (37) 

(38) 

exist  for  all  real  T  and  tf  and  do  not  depend  on  t.  It 
means  that  ^ has  a  time-independent  mean 
and  its  autocorrelation  depends  only  on  the  time  diffe¬ 
rence  (wide  sense  stationarity). 

The  function  D^^fDtrJis  the  structure  function  of 
the  Nth  increment.  In  the  following,  we  will  consider 
mainly  the  case  where  T  =  0  ;  ( t  )  will  then  be 

referred  to  as  the  Nth  structure  function  of  the  process 

x(t)  : 

For  oscillator  stability  characteriiation,  it  is  interes¬ 
ting  to  apply  this  concept  to  the  phase  prqc^ss  (t  ) 
first**?  For  a  better  understanding  of  ("C)  , 

it  is  interesting  to  re-write  it  in  terms  of  the  yj's. 


*  £[  ]  denotes  the  mathematical  expectation 

operator. 

**  Ergodicity  is  needed  for  identity  of  ensemble 
averages  with  infinite  time  averages. 

***  The  Nth  increment  of  the  phase  process  has  been 
previously  used  by  Barnes55  as  a  powerful  means 
of  classifying  the  statistical  fluctuations  of  the 
phase  and  frequency  in  oscillators. 
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Interpretation  of  Dj 


By  definition,  D^0(  y;  )  involves  the  instantaneous 
values  of  *<(t)  at  t,  t+*  ,  t+2tr  ,  .  .  .  ,  t+N«r  .  The  ith 
value  /?(t  +  (i-l)<f  )  with  i  =  1  to  N  +  1  is  weighted  by 
(-1)‘  \  )  w^en  N  is  odd  and  by  (  - 1)*+ '  ^  ^  when  N 

is  even.  The  two  cases  arise  because  the  last  term 
'((t+I'rtr)  has  always  a  positive  sign  by  definition  of 

.  It  is  easy  to  show  that  the  Nth  incre¬ 
ment  of  ^(t)  may  be  rewritten  in  terms  of  the  (i  = 

1  to  N)  : 


N  odd  (40) 


even  (41) 


Let  us  now  consider  the  successive  values  of  N. 


Case  N  -  1 . 

In  this  case  :  s  ^ 

^d  ~  I*(r) 

The  true  variance  is  hence  directly  related  to  the  first 
structure  function  of  the  phase  process^’  ^5  : 


l(t)  — 


D^Ct) 


Case  N  -  2. 


„,  f  <<*;«>_  <4*  ( %-  % ) 

Ce>-<j.r  E[  5.)1  ]  =•  <r‘(r; 

The  two-sample  aero-dead-time  sample  variance  is 
simply  related  to  the  second  structure  function  of  the 
phase  process24,  25 

=  jTZPz  \[^  <«> 


Case  N  =  3. 


From  equation  (19)  with  T  =  t  and  equation  (46),  it 
is  easy  to  deduce  the  very  important  relation  between 
andSt(f)  : 

rfV>  *  4*"  I S.(f)  otf  (.7) 

T  o' 

which  shows  clearly  the  interest  of  using  higher  order 
from  the  point  of  view  of  convergence  for  spectra  with 
power  laws. 

It  is  important  to  emphasize  on  the  fact  that  <^(t)  pos¬ 
sesses  a  power  spectral  density  in  the  usual  sense  only 
if  it  is  stationary  ;  if  it  is  not,  it  may  be  convenient  to 
define  formally  S  ^  (f)  by  the  relationship  : 

S  (f)  =  =  -s^lf  ■  <48> 

Y  4  Tr*-  f 1  p* 

Although  the  Hadamard  variance  was  explicitely  defi¬ 
ned  with  N  even,  equation  (47)  is  valid  as  well  for  N 
odd  and  may  be  rewritten  as  :  ■oin*l<TftrP 

f  S ,Cf  M 

Phase  instability  vs  frequency  instability. 

Although  these  concepts  are  often  confused,  two  diffe¬ 
rent  definitions  may  be  given2  5>  related  to  the  first 
structure  functions  of  phase  and  frequency  relatively. 

Phase  instability, 

)  of  an  oscillator  is  defined  as  the  ratio  of  the 
rms  value  of  the  amount  of  phase  noise  accumulated 
in  t  seconds  to  the  phase  accumulated  if  the  oscilla¬ 
tors  were  perfect  (UI.T)  : 

-  A  /tfVt)  (49) 

*  «v*  “  w.rV  r 

This  is  nothing  but  the  classical  true  variance  I  {V) 
usually  presented  as  a  measure  of  frequency  instabili¬ 
ty  (see  eq.  (8)  and  (42)  ). 

Fractional  frequency  instability  I^(T)  of  an  oscil¬ 
lator  over  a  time  interval  T  is  defined  as  the  rms 
value  of  the  amount  of  instantaneous  fractional  frequen¬ 
cy  deviations  taking  place  in  T  seconds  : 


A^rf(«  ■  -q^'ivV  ^WT-v^fn’ 


DY(r )  *  oj'T1  E  l  (-2^-  ^ )* 3 

A  comparison  with  equation  (29)  shows  that  the  third 
structure  function  of  the  phase  is  simply  related  to 
the  three- sample  zero-dead-time  modified  sample 
variance  introduced  in  this  paper  following  the  ideas 
of  Picinbono  et  al  :  | 

- ^ —  /w«777 


3«,r 


Case  where  N  is  even. 

The  Nth  structure  function  of  <{(t)  reads  as  : 
st  as  _ r/*!  . 


This  parameter  is  nothing  but  the  parameterjE[X<|JJ 
given  by  equation  (31)  with  T  =  mTg.  Frequency  insta¬ 
bility  over  T  is  hence  defined  in  terms  of  the  first 
structure  function  of  frequency  fluctuations,  assuming 
that  each  frequency  measurement  is  made  instanta¬ 
neously  (  U  =  0)  which  is  a  serious  limitation  to  the 
practical  usefulness  of  I^T). 

For  stationary  frequency  fluctuations,  the  follo¬ 
wing  limits  hold  : 


The  Nth  structure  function  of  <f(t;  reads  as  :  ,  .  t  _  _ 

<„  a  ,  r/w  .  b/N.i\_  tm  lt(T)  =  0  km  (5i) 

T  J  Th*  am  r\m  ra  1  Kahavinr  ii  h»nr*  vn  rv  different  from  thff 


A  look  at  equation  (18)  shows  that  the  above  mathema¬ 
tical  expectation  is  nothing  but  the  Hadamard  varian¬ 
ce  with  adjacent  samples  weighted  by  binomial  coeffi- 
cienti15  :  __ 

a  .  4  -  .  .  .  V  A  . 


The  general  behavior  is  hence  very  different  from  the 
one  of  1^  (tr  )  since  : 

km.  I*tr)  ■  E[  (Uv  iV)-  0  (52) 

*  >-»« 


Frequency  instability  with  t^O. 

A  more  meaningful  quantity  may  be  obtained  by 
replacing  the  instantaneous  values  in  (50)  by  avera¬ 
ges  over  a  time  interval  tr  measured  at  the  instants 
t  and  t+T.  One  gets  then  the  parameter  I^(T  ;t?)  des¬ 
cribed  by  equation  (35)  which  is  twice  the  sample  va¬ 
riance  with  N  =  2  and  T>«.  This  parameter  may  be 
related  to  structure  functions  by  looking  at  the  gene¬ 
ral  expression  of  D^N)  (T  it)  for  x  *  y  ,  N  =  1 
and  T  ^10  (equation  (38)  )  : 

(T;  r  )  =*  E [  to)- Y<fc)).  (^(tfT+t)-  f  (t ♦T))]  ( 5  3) 

=  E[ 

Since  : 

t*(T,ri=EL(v5,n=e{E[5;]-E[j,y^«i 

zfe  K’ lr>-  (55> 

Conclusion 

The  various  parameters  that  have  been  proposed 
by  several  authors  as  frequency/phase  stability  mea¬ 
sures  have  been  reviewed.  The  key  role  played  by  the 
spectral  density  of  frequency  fluctuations  appeared 
from  the  numerous  equations* involving  a  transfer 
function.  The  knowledge  of  its  transfer  function  ap¬ 
pears  thus  as  one  of  the  best  means  to  study  the  pro¬ 
perties  of  a  time  domain  parameter. 

While  reviewing  the  various  approaches,  some 
new  parameters  have  been  considered  and  some  rela¬ 
tions  between  time  domain  parameters  and  structure 
functions  have  been  established. 

In  the  method  of  the  finite-time  frequency  control, 
a  specific  parameter  2y(t)  has  been  defined  and  its 
relationship  to  the  3rd  structure  function  of  phase  noi¬ 
se  has  been  demonstrated. 

The  link  between  E  [  and  the  first  struc¬ 

ture  function  of  frequency  noise  has  been  shown,  and 
the  more  realistic  case  of  non-instantaneous  measu¬ 
rements  has  been  treated  with  its  re,ation  to  structu¬ 
re  functions  and  to  sample  variances. 

Also,  the  Hadamard  variance  weighted  by  bino¬ 
mial  coefficients  has  been  linked  to  the  Nth  order 
structure  function  of  phase  noise.  The  high-pass  and 
bandpass  variances  which  are  defined  by  their  trans¬ 
fer  functions  and  measured  by  analog  filtering  techni¬ 
ques  are  not  directly  linked  to  any  structure  function. 

The  structure  function  approach  appears  as  a  ve¬ 
ry  general  mean  of  introducing  the  main  time  domain 
parameteitmeasured  with  counters.  On  the  other 
hand,  recognizing  the  importance  of  the  transfer  func¬ 
tion,  the  transfer  function  approach  appears  as  ano¬ 
ther  interesting  mean  for  defining  and  measuring  time 
domain  parameters  without  counters. 

It  is  hoped  that  this  paper  will  be  useful  for  peo¬ 
ple  faced  with  the  problem  of  determining  the  charac¬ 
teristics  of  oscillators.  Also,  some  of  the  concepts 
presented  here  or  other  improvements^*  may  become 
of  primary  importance  in  the  future  with  the  advent 
of  new  sources  and/or  applications. 
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Note  added  in  proof  :  References  35  and  36  have  been 
received  lately.  Practical  questions  related  to  measu¬ 
rement  techniques  are  discussed  in33.  In3^,  emphasis 
is  put  on  the  dichotomy  between  trends,  systematic  or 
deterministic  variations  of  frequency  and  random  va¬ 
riations  of  frequency.  The  necessity  to  remove  any 
obvious  systematics  before  the  random  part  of  the 
clock  performance  is  analyzed  is  also  emphasized.  A 
so-called  "curvature  variance"  used  by  Kramer  at  the 
PTB  is  also  discussed  :  it  is  equal  to  1 . 5  times  the 
£2  (V)  defined  in  this  paper  (equation  (29)  ). 


FIG.  1  Measurement  cycle  in  the  time  domain 
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FIG.  4  Transfer  Function  of  the  Hadamard  Variance  FIG.  5  Modified  Three-sample  Variance: 

Weighted  by  Binomial  Coefficients  (N*10) ,  a)  Measurement  Sequence 

Divided  by  2  .  b)  Transfer  Function 
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ABSTRACT 

A  current  problem  of  interest  in  the  telecommun¬ 
ication,  Doppler  measuring,  radar  and  ranging  sys¬ 
tem  design,  and  procurement  is  that  of  specifying 
system  phase  noise  characteristics.  In  order  to 
write  a  meaningful  phase  noise  specification  the 
engineer  needs  a  theory  upon  which  system  per¬ 
formance  measures  can  be  evaluated  and  tradeoffs 
made  as  functions  of  the  phase  noise  model  para¬ 
meters.  In  addition,  the  phase  noise  model  para¬ 
meters  must  be  verified  by  direct  laboratory 
measurement. 

One  of  the  main  purposes  of  this  paper  is  to 
demonstrate  that  the  performance  measures  of  tele¬ 
communication  and  Doppler  measuring  systems  are 
found  by  appropriately  weighting  the  PSD  S  (f).  We 
note  that  the  frequency  range  of  interest  in  S  (f) 
depends  upon  the  system  application  and  perform¬ 
ance  measure  selected;  this  fact  will  be  demon¬ 
strated. 

The  paper  will  begin  by  reviewing  the  role  which 
structure  functions  have  in  the  theory  of  oscillator 
phase  noise.  We  then  turn  to  study  the  effect  of 
phase  noise  on  various  applications  where  oscillators 
are  involved  using  these  functions.  We  shall  analyze 
a  particular  measurement  scheme  where  the  test 
oscillator  is  phase -locked  to  a  voltage  controlled 
crystal  oscillator,  the  so-called  two  oscillator  test 
set-up.  The  effect  of  phase  noise  on  the  perform¬ 
ance  of  ranging,  Doppler  and  coherent  communica¬ 
tion  systems  as  well  as  various  modulation  and  code 
generation  schemes  will  also  be  considered  in  terms 
of  structure  functions  associated  with  the  oscillator 
instability. 

With  the  above  discussion  in  mind,  we  shall 
address  the  problem  of  specification  of  oscillator 
instability  for  different  applications.  Since  the 
T-domain  and  f-domain  can  be  interrelated,  the  T- 
domain  and  f-domain  specification  and  measure¬ 
ments  are  actually  equivalent.  We  shall  demonstrate 
this  point  by  giving  examples  where  the  Allan  vari¬ 
ance  is  known  and  we  calculate  the  rms  fractional 
frequency  deviation  and  the  spectral  density  from 
such  data. 

I.  INTRODUCTION 

A  current  problem  of  great  interest  in  tele¬ 
communication,  Doppler  measuring,  radar  and  rang¬ 
ing  system  design,  and  procurement  is  that  of  speci¬ 
fying  system  phase  noise  requirements1.  In  order  to 

*By  phase  noise  we  mean  any  distortion  which  des¬ 
troys  the  line-width  of  the  created  microwave  signal 
by  the  process  of  phase  modulation.  There  are  vari¬ 
ous  components,  e.g.  ,  flicker  noise  from  the  source, 
media  effects,  AM  to  PM  conversion  from  TWT 
amplifiers,  etc. 
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write  a  meaningful  phase  noise  specification  the 
engineer  needs  a  theory  upon  which  system  perform¬ 
ance  measures  can  be  evaluated  and  tradeoffs  made 
as  functions  of  the  phase  noise  model  parameters. 

In  addition,  phase  noise  model  parameters  must  be 
verified  by  direct  measurement  of  the  underlying 
disturbances.  Unfortunately,  phase  noise,  unlike 
thermal  noise  which  is  well  approximated  by  a  delta 
correlated  process,  does  not  possess  a  constant 
power  spectral  density  for  all  frequencies;  not  only 
does  this  fact  make  it  difficult  to  measure  but  makes 
it  more  difficult  to  develop  a  working  theory  from 
which  performance  can  be  predicted  [l],  [2]  . 

It  is  interesting  to  note  that  in  order  to  determine 
the  effects  which  thermal  noise  has  on  a  communica¬ 
tion  link  power  budget  (useful  in  predicting  system 
margins),  one  only  needs  the  system  noise  temper¬ 
ature  from  which  the  noise  power  spectral  density 
Nq  watts /Hz  can  be  determined.  However,  when 
phase  noise  is  assumed  to  be  present  in  the  system 
model,  the  state  of  affairs  is  quite  different;  in  this 
case  the  engineer  also  needs  the  power  spectral 
density  of  the  frequency  instabilities  say,  Sy(f)  [2]  . 

The  paper  will  begin  by  reviewing  the  role  which 
structure  functions  have  in  the  theory  of  oscillator 
phase  noise  [l]  ,  [2]  .  Interconnections  of  phase 
structure  functions  and  the  present  'standards' 
will  be  pointed  out.  A  commonly  encountered  ex¬ 
ample  of  an  oscillator  with  frequency  drift  and  power- 
law  type  PSD  Will  be  given  to  demonstrate  the  inter¬ 
connections  . 

Once  this  notion  is  clarified,  we  turn  to  study 
the  effect  of  phase  noise  on  various  applications 
where  oscillators  are  involved  using  these  functions 
and  the  filter  approach.  One  immediate  application 
is  in  laboratory  phase  noise  measurements.  We 
shall  consider  a  particular  measurement  scheme 
where  the  test  oscillator  is  phase-locked  to  a  voltage 
controlled  crystal  oscillator,  the  so-called  two 
oscillator  test  set-up.  What  we  observe  in  such  a 
set-up  i s.a  filtered  version  of  the  phase  noise 
process;  the  filter  being  the  phase  locked  loop.  In 
addition,  if  we  work  with  increments  of  the  phase 
noise  process,  we  are,  in  effect,  passing  the  phase 
noise  through  a  digital  filter.  We  shall  give  a 
detailed  discussion  in  this  paper  of  the  effects  of  the 
closed  loop  transfer  function  on  the  measurement 
and  how  the  measurement  can  be  reflected  into  the 
true  PSD  of  the  phase  noise  process.  The  effect  of 
phase  noise  on  the  performance  of  ranging,  Doppler 
and  coherent  communication  systems  as  well  as 
various  modulation  and  code  generation  schemes  will 
also  be  considered  in  terms  of  structure  functions 
associated  with  the  oscillator  instability. 

With  the  above  discussion  in  mind,  we  shall 
address  the  problem  of  specification  and  measure¬ 
ment  of  oscillator  instability.  For  several  applica¬ 
tions  the  PSD  of  the  frequency  noise  process  is  the 
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most  convenient  form  for  use  in  specification  work. 
There  are  other  reasons  for  such  a  choice.  In 
particular,  we  shall  show  how  frequency  multiplica¬ 
tion  affects  the  RF  power  spectral  linewidth.  This 
information  cannot  be  directly  obtained  from  *  - 
domain  specification  such  as  the  Allan  variance.  The 
less  convenient  T- domain  measures  which  are,  how¬ 
ever,  useful  in  a  particular  application,  should  be 
specified  in  terms  of  the  two  sets  of  stability  func¬ 
tions  of  the  filtered  frequency  and  phase  noise  process. 
We  have  seen  this  in  clock  application,  viz.,  the  rms 
fractional  frequency  deviation  and  the  Allan  variance. 

Finally,  we  shall  bear  in  mind  that  the  T -domain 
and  f-domain  can  be  interrelated.  Hence  the  t- 
domain  and  f-domain  specification  and  measurements 
are  equivalent.  The  only  point  to  make  is  that  the 
PSD  is  what  is  needed  in  writing  specifications  for 
a  host  of  applications  other  than  precise  time-keeping 
We  shall  demonstrate  this  point  by  giving  a  numerical 
example  where  the  Allan  variance  is  known  and  we 
calculate  the  rms  fractional  frequency  deviation.  We 
also  show  how  the  spectral  density  can  be  computed 
from  such  data. 


y(t)  =  Eftr(t)]  +  y(t) 


(4) 


where  y(t)  is  a  zero  mean  random  process  and 
^  dk  k 


E[y<t)]  =  S  kT  4 


(5) 


Let  us  denote  the  PSD  of  the  process  ^(t)  by  Sy(f) 
(instead  of  S~.(f ) )  to  comply  with  the  "standard” 
notation  [3]  .  Notice  that  if  dj  =. . .  =  djy.l  =  0  in  (5) 
then  7(t)  =  y(t)  and  our  generalization  reduces  to  the 
conventional  definition. 


It  is  well  known  that  taking  higher-order  incre¬ 
ments  reduces  the  degree  of  a  polynomial.  In 
particular,  the  (N-l)st  increment  of  y(t)  reduces  to 
[l]  fTmis  the  m-tuple  (tj, . . . ,  TL^)) 

N-l  N-l .  THT  .N-l-,..  N-l 


yft;^-1)  =dN_,  Tf 


+  A 


k=l 


y(t;_T  ) 
(6) 


.th 


and  the  N  increment  of  y(t)  reduces  to 


II.  STRUCTURE  FUNCTIONS  IN  THE  THEORY  OF 
OSCILLATOR  PHASE  NOISE 

A.  Structure  Function 


We  begin  by  reviewing  the  role  which  structure 
functions  have  in  the  theory  of  oscillator  phase  noise 
and  by  setting  the  "standard"  notation  [3l  adopted  in 
this  paper.  The  instantaneous  output  voltage  of  a 
high-quality  signal  generator  may  be  written  as  [3] 


V(t)  =  [VQ  +  «(t)]sin[2TTVot  +  i|r(t)]  (1) 


Vq  and  Vq  are  the  nominal  amplitude  and  frequency, 
respectively,  (IDg  =  2ttVq).  eft )  and  i|r(t)  are  random 
processes  representing  amplitude  noise  and  phase 
noise,  respectively.  The  random  process  i  (t)  = 
diftl/dt  denotes  angular  frequency  fluctuations  and  is 
often  assumed  to  have  a  zero  mean  value.  Provided 
«(t'  and  C(t)  are  sufficiently  small  for  all  time  t, 
the  fractional  instantaneous  frequency  deviation 
from  nominal  is  defined  as 


y(ti  = 


2"-ry 


(2) 


The  recommended  definition  for  the  frequency  stabil¬ 
ity  measure  in  the  Fourier  frequency-domain  is  the 
one-sided  spectral  density  on  a  per  Hertz  basis  S  (f) 
of  the  pure  real  random  process  y(t).  Denoting  f f ) 

the  speetral  density  of  angular  frequency  fluctuations, 

then 


S  (f)  =  ~y  S-(f) 

y  2  if 


(3) 


For  most  oscillators,  the  assumption  that  y(t) 
has  a  zero  mean  value  is  not  always  valid.  As  an 
example,  state  of  the  art  crystal  oscillators  exhibit 
a  typical  frequency  drift  component  E^Ut)]  =  djt 
where  dj  is  of  the  order  of  5  x  10’10/day  [4"|.  From 
this  point  on  we  assume  that  the  frequency  process 
y  ft )  has  a  time -dependent  mean  drift  (possibly  zero). 


„N  N  N  N 
A  y(tpr  )  =  A  y(t;jr  ) 


(7) 


which  is  independent  of  the  systematic  drift.  Let  us 
define  the  m*“  structure  function  cf  a  process  f(t)  by 
D]  (assuming  stationarity) 


D'm,(Tm)£  E([Am?(t;:m)f}  (8) 

observe  that  Dy,n*(/n)  =  D VT" ' (jr m ) 
ndent  of  the  systematic  drift.  In  [l], 


For  m  =  N,  we 

which  is  independent  of  the  systemati 
it  was  shown  that  )  and  the  PSD  S  (f)  are 

related  via  y 

d'M)(t)  =  4M  f  T7  (sin2tTT  f)S  (f)df,  M2N  (9) 
y  ~  Jo  k=i  k  y 

Similar  results  are  developed  [l]  for  the  frac¬ 
tional  phase  process  x(t).  In  particular,  it  was 
shown  that  [1  ] 

t+T 


,N 
A  x 


and 


(t;TN)  =  dN_t  "ft  \  +  tN"I|^J  ,10' 

rt+T-  1 

j  y(?)d?  I;  MiN  (11) 


M+l  M+l,  M 
A  x(t-,T  )  =  A 


D(M+l)(TM+l)=4M+lP* 


ff  .  2 

,1  I  sin  TTT,  f 


k=l 


(2nf) 


S  ff)df;  MaN 

y 

(12) 


Notice  also  that  D  (^_  )  is  independent  of  the 

system  drift.  For  N=l,2,  the  structure  function  of 
the  fractional  phase  has  long  been  recognized, 
namely, 

D(iv,  =  T2rMnf 


L  fo  J 

and  for  (the  single  argument  t  denotes  _t  =  ( t,  , 


D^2'(t)  =  2t2o2(t) 
x  y 


(13) 
.,T)t 

(14) 


where  Af(r)/fg  and  o^It)  denotes  the  rms  fractional 
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deviation  and  the  two-sample  Allan  variance  respec-  III,  PHASE  NOISE  MEASUREMENTS  USING  A 
tively  [3],  GENERAL  LINEAR  FILTER  APPROACH 


In  practice,  the  PSD  S  (f)  is  usually  modeled  by  a 
linear  combination  of  powe?-law  PSD’s  having  the 
form 


Sy(f) 


h  fv 

v 


Osfit 


f  >f. 


(15) 


Using  this  model  of  Sy(f)  in  (9)  and  (12),  we  arrive  at 
two  important  relationships,  namely, 

4Mh 

e/M+1)  (t)  =  v+1V  F(v-2,  M4l,HTfh)T1‘V;  MaN  (16) 

TT 

and 

4  h  1 

D(  ’(T)  = - —  F(v,  M.TTTf.  )t"V‘  ;  MaN  (17) 

v  V+i  n 

7  TT 

where  fy  not  necessarily  an  integer) 

B 

F(|i,  m,B)  =  f  f^sin  m|d5  ;  u>-(2m+l)  (18) 

J0 


The  function  F((i,  m,  B)  is  investigated  and  tabulated 
in  [5]  .  For  (j>  -1,  F((i,  m,  B)  is  dependent  on  B, 
However,  for  -(2m+l)  <  m  < -1,  F(m,  m,  B )  is  essenti¬ 
ally  independent  of  B  for  B  >>  1.  The  function 
F(|_i,  n, «)  for  -(2m+l )  <u<  -1  is  plotted  in  Fig.  1. 
Using  this  curve  and  the  relations  (16)  and  (17),  one 
can  determine  Sy(f)  from  Dj^+^fT)  or  D^N'(t)  which 
are  readily  measured  experimentally.  Hence,  the 
use  of  higher-order  structure  functions  alleviates 
the  usual  convergence  problem  associated  with  the 
power  law  spectrum. 


B.  An  Example  Illustrating  the  Application  of 
Structure  Functions 


Consider  a  crystal  oscillator  with  an  aging  rate 
of  10'^® /day,  i.e,,  N=2,  <3.=  1.2  x  10"^ ® /sec  in  (14), 
Notice  that  from  (10)  and  (12),  the  systematic  drift 
gives  rise  to  a  dependence  of  Oy ( T ) ,  namely, 

2..  ,.2  2  4  8inVf) 


VT>  =  *V" 


S  (f)df 
y 


(19) 


If  S  (f)  is  modeled  by  a  flicker  frequency  PSD  S  (f)  = 
h_jyfl  with  h_j  =  7.  2  x  10"^®,  CT  (T)  can  be  depicted 
as  in  Fig.  2  [6,  Fig.  16]  .  Notices,  however,  that  the 
third  difference  of  x(t)  is  independent  of  the  drift  and 
(t)  =  4.  86  x  10”  t^.  The  normalized  quantity 

,/ D  t) /|2  =  2.2  x  10"  t  is  a  constant  independent  of  t. 
For  comparison  purposes,  it  is  plotted  alongside 
with  o„(t)  in  Fig.  2  (the  dashed  line).  In  addition, 
if  the  PSD  has  an  additional  independent  component 
say,  Sy(f)  =  h_4f"  ,  from  (16)  we  conclude  that  t5] 


22  4,  5 

T"  h-4T 


(20) 


for  this  particular  component.  Thus  higher -order 
structure  function  provide  a  general  characterization 
of  oscillator  stability. 


A.  Linear  Model 


All  physical  processes  can  only  be  observed 
indirectly,  i.e.,  through  a  filter.  As  an  example, 
the  power  spectrum  of  a  process  indicated  by  a 
spectrum  analyzer  is  a  display  of  the  energy  distribu¬ 
tion  of  the  outputs  of  a  bandpaased  version  of  the 
process  at  the  appropriate  bands.  The  phase  noise 
process  is  no  exception.  The  general  situation  is 
depicted  in  Fig.  3.  The  phase  noise^  characteristics 
are  determined  by  observing  it  through  a  filter 
G0(j2Trf)  which  has  inherent  lower  and  upper  cutoff 
frequency  f^  and  f^.  In  a  similar  fashion,  when  phase 
noise  degrades  system  performance,  the  phase  noise 
process  is  also  being  filtered  by  a  "system"  filter 
Gj(j2rrf)  with  lower  and  upper  cutoff  frequency^  and 
Fjj.  This  arrangement  is  indicated  in  Fig.  4.  From 
these  two  models,  we  see  that  what  we  are  really 
dealing  with,  i.e.,  what  can  be  measured  and  what 
affects  system  performance,  is  not  the  phase  noise 
process  directly,  but  a  filtered  version  of  the  phase 
noise  process.  Since  we  are  not  interested  in  phase 
noise  per  se,  we  need  a  characterization  of  the  phase 
noise  which  is  compatible  with  this  linear  filter 
approach:  the  PSD.  Before  we  proceed  to  give 
important  examples  (which  includes  the  measurement 
aspects  and  system  applications  of  interest)  that  fits 
in  naturally  with  this  framework,  we  want  to  make 
the  following  comments.  First  of  all,  since  the 
filter  possesses  high  and  low  cutoff  frequencies,  fj  and 
f^  of  the  phase  noise  is  not  going  to  affect  appreciably 
the  PSD  of  the  filtered  phase  noise  (hence  all  second 
moment  statistics)  as  long  as  f^  «fj  and  f^  <<  f^.  If 
it  turns  out  to  be  a  convenient  model  and  simplify 
computation,  we  can  idealize  f  1  =  0  and  fj,  =  n  It  is 
only  in  this  context  that  we  allow  an  infinite  phase 
noise  variance,  as  the  case  of  white  or  flicker  noise. 
Otherwise,  we  must  not  allow  infinite  variance  and 
appropriately  specify  f^  and  ff,.  Secondly,  we  note 
that  taking  the  N**1  increment  of  the  phase  noise  is 
equivalent  to  passing  it  through  a  filter  with^ 

G,(j2rrf)  =  "ft  (e^TT^Tk-l ),  This  effect  lumps  with  the 
i  k=l 

measurement  filter  or  the  system  filter. 

B.  Two-Oscillator  Phase  Noise  Measurement 

The  functional  diagram  and  the  linear  model  for 
the  special  case  of  a  two-oscillator  phase  noise  test 
set-up  is  shown  in  Fig.  5  [7]  .  The  loop  phase 
error  is  given  by  (p  is  the  Heaviside  operator) 


For  simplicity  of  notation,  we  take  phase  noise  to 
denote  the  frequency  noise  y(t),  if  we  are  interested 
in  x(t),  a  factor  of  1  /j 2iTf  can  be  included  in  Gg(j2«rf). 


The  advance  operator  is  due  to  the  use  of  the  forward 
difference  definition,  for  a  real  system  an  appropri¬ 
ate  time  scale  adjustment  is  implied. 
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<P  =  *1  -  &2  +^~teL  cp]  (21) 

2 

where  A  is  the  rms  power  of  the  oscillation  under  test 
test,  K  is  the  loop  gain,  F(p)  is  the  loop  filter,  and 
^2  are  th*  phase  noise  of  the  test  and  reference 
oscillator,  respectively.  In  terms  of  the  loop 
transfer  function  H(p)  *  AKF(p)/[p+AKF(p)],  we  have 

9  *  tl-H(p)1  (*!  -  *2)  (22) 

Let  us  examine  (22)  more  carefully.  For  a  perfect 
(N+l)st  order  loop,  the  N-pole  loop  filter  Fjj(p)  has 
the  form 

fn(p)  =  1  +  £  T  <23> 

k=l  p 


For  <r-domain  measurements,  the  increment 


M  , 
4  tp( 


:iM)  =  ft  (ejpTk-i) 

.  k=l 


[l-HN+l(p)]tj  (29) 


is  of  interest.  The  analogous  power  transfer  function 
for  the  M**1  phase  error  increment  is  therefore 


PN+l(f> 


N+l 


(j2ttf)  | 


ft 

k=l 


sin  (Tri^f )  (30) 


where  HjvI+1(j2rTf)  is  the  closed  loop  transfer  function 
of  an  (N+l)-th  order  loop.  For  the  case  of  the  first- 
order  loop  described  above,  (30)  reduces  to 

,  Y"4'y2 

L’k4!Vl«,4B1,2 

(31) 


from  which  we  find  (lLj+j(p)  is  the  corresponding 
closed-loop  transfer  function  for  F^(p)) 


N+l 

_ 2 _ 

pN+1+AKpN+AKa1pN  1+...+AKaN 


(24) 

By  considering  the  steady  state  behavior  of  (22),  we 
see  that  the  (N+l)at  order  loop  is  capable  of  tracking 
out  a  N**1  order  polynomial  mean  phase  drift  in  ;-j 
or  t'2<  Assuming  that  this  is  done,  we  can  now  let 
Epjjl  =  s  0.  In  the  case  that  the  reference 

phase  noise  +2  is  negligible  when  compared  to  the 
phase  noise  contribution  of  the  test  oscillator. 


For  M=1  f first-order  increment  (31)  is  depicted  in 
Fig.  6(c)  for  Blt=  1.  The  PSD  S^ff),  when  S  (f)  = 
h0/f2,  is  given  by  1 


(32) 


and  is  depicted  in  Fig.  6(d). 


Now  let  us  quantify  the  ability  of  the  two  oscilla¬ 
tor  measurement  technique  to  measure  the  phase  noise 
PSD.  Referring  back  to  the  linear  model  of  Fig. 

5(b),  we  see  that  the  output  phase  6  of  the  VCO  is 
given  by 


0>  =  [l-HN+1(p)].>j  (25) 


6  =  [l  -H(p)”|  +  H(pH'z  (33a) 


Hence,  what  we  measured  in  such  a  set-up  is  really 
a  filtered  version  of  ijj,  namely,  by  [1-H  jvj+j(p)].  It 
is  convenient  to  define  the  power  transfer  function  to 
be  the  ratio  of  the  observed  noise  spectrum  to  the 
original  noise  spectrum,  which  is  presently 

S  (f’  2 
P(f)  =  S %)  =  lUHN+l(j2TTf)  I  <26> 
ft 


As  an  example,  let  us  consider  the  first-order  loop 
with  F0'p)  =  1.  Using  A  AK/4  for  the  RMS  loop 
bandwidth,  the  power  transfer  function  Pj(f)  for  a 
first-order  loop  is 

(f/4B  )2 

Pj(f)  = - - -  (27) 

l+(f/4BL)2 


which  is  plotted  in  Fig,  6(a). 
a  white  frequency  spectrum. 


If  the  phase  noise  has 
,e.,  S^  (f)  =  hQ/f2,  then 


the  observed  process  has  a  PSD 


a  HI  =  5  2 

9  16B2  P+(f/4BL)  l 

which  has  a  finite  variance  r"  =  h^TT/SB^. 
of  S^(f)  is  shown  in  Fig.  6(b)? 


(28) 

The  PSD 


Then 

SJf)  =  1 1  -H(j2nf)  |2S  (f)  +  |H(j2nf)|2S,  (f)  (33b) 

e  v !  ft 

Hence  for  f  <  B^,  the  loop  outpu4  has  a  phase  noise 
PSD  of  approximately  Sj  (f)  and  for  f  >B^,  the  loop 
output  has  a  phase  noiseft’SD  of  approximately 
If  oscillator  1  has  lower  phase  noise  PSD  than 
oscillator  2  for  f  <B^  but  higher  for  f  >B.  ,  e.  g. , 
oscillator  2  is  a  temperature-compensated  crystal 
oscillator  and  oscillator  1  is  an  atomic  standard, 
then  the  loop  output  oscillation  has  a  considerably 
better  performance  than  either  oscillator  1  or 
oscillator  2. 


C.  Effect  of  Phase  Noise  on  System  Performance 

The  effect  of  phase  noise  on  the  performance  of 
ranging,  Doppler  and  coherent  communications  as 
well  as  various  modulation  and  code  generation 
schemes  has  been  considered  by  the  authors  in  a 
previous  paper  [fc']  .  Using  the  results  in  [21  as 
illustrating  examples,  we  attempt  to  merely  present 
herein  the  novel  features  of  our  approach. 

Consider  the  general  situation  depicted  in  Fig.  7. 
The  input  signal  to  the  system  of  interest  is 
corrupted  by  phase  noise.  The  desired  output  from 
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the  system  is  represented  as  increments  of  the  signal 
and  phase  noise,  modified  by  the  system.  The  sys¬ 
tem  effect  is  modeled  by  the  linear  filter  G(p).  Hence 
the  noise  variance  on  the  desired  output  is 


Jm)(rm) 


y^sin2m(TT~  f) 
k=l 


|G(j2rrf)  f 


r(t)  =  ,/2pcos(2TTf0t  +  t(t)  +  0Q ) 


i(t)  =  J  i(F)dF 


Let  us  assume  further  that  ij?(t)  is  Gaussian  with  a  PSD 
S,t  (f).  If  we  make  the  usual  assumption  that  Bq  is 
uniformly  distributed  over  ft),  ,  then  r(t)  is  wi.de- 
sense  stationary,  zero-mean  with  a  correlation 
function 


if  the  signal  is  in  the  phase  process,  and 
in/m)(Tm)  a  4mr  Y'sin2m(TTT,f)  |G(j2rrf)|2S  (f)df 

y  ~  J0  &  k  y 


if  the  signal  is  in  the  frequency  process.  Notice 
how  in  (3^.)  and  (34b),  the  phase  poise  PSD  is  weighted 
by  the  filter  G(j2tTf)  and  "yp  sin  (ITT,  f). 

k=l 

In  almost  all  system  applications,  it  is  always 
possible  to  specify  the  performance  measures  in 
terms  of  (34a)  or  (34b).  As  illustrating  examples, 
the  results  derived  in  [21  are  summarized,  along 
this  guideline,  in  Table  I. 

IV.  SPECIFICATION  AND  MEASUREMENT  OF 

OSCILLATOR  INSTABILITY 

A.  PSD  as  the  Key  to  Specify  Oscillator  Instability 

In  the  previous  section,  we  have  demonstrated 
through  a  particular  measurement  set-up,  how 
oscillator  instability  is  measured  and  how  the  meas¬ 
urement  system  affects  the  observed  phase  noise.  We 
have  also  surveyed  the  effects  of  phase  noise  on  the 
performance  of  tracking,  Doppler,  ranging  and  coher¬ 
ent  communication  systems  as  well  as  various  modula¬ 
tion  and  code  generation  schemes.  It  should  now 
become  clear  that  phase  noise  effects  are  not  isolat- 
able  from,  but  must  be  sutdied  within  the  scope  of  the 
particular  application  in  mind.  In  order  to  be  useful, 
any  specification  of  oscillator  instability  must  be 
sufficiently  versatile  and  general  enough  to  handle 
various  applications.  A  logical  candidate  is  the  f- 
domain  characterization  S  (f).  The  rationale  behind 
this  choice  is  clear:  In  all  applications  so  far 
encountered,  the  desired  signal  is  always  corrupted 
by  increments  of  the  filtered  phase  noise.  The 
variance  of  this  quantity  is  the  structure  function  of 
the  filtered  phase  noise  process  which  can  be 
conveniently  expressed  as  a  weighted  integral  of  the 
PSD  Sy(f).  Such  an  integral  can  be  readily  evaluated 
either  analytically  or  numerically,  depending  on  the 
complexity  of  the  integrand.  There  are  other  reasons 
for  such  a  choice.  In  certain  applications,  the  effects 
of  phase  noise  can  only  be  studied  in  the  f-domain. 

In  particular,  we  shall  presently  show  how  frequency 
multiplication  affects  the  RF  power  spectral  band¬ 
width  in  terms  of  the  convolution  products  of  ST  { f ) 

[8]  .  Because  of  its  nature,  this  effect  cannot  be 
studied  in  the  r  -domain. 


R  (t)  =  P  cos  2Trf  Texpf-D,  It)/2] 
r  O  ’.  J 

Now  the  PSD  of  oscillation  r(t)  is  given  by 

yn  =  p[sr  <f-y  +  s  (f+f0)i 
0  0 

wherefthe  symbol  denotes  convolution) 

2  I"  s-m  i  s;<f> 

S  (f)  =  exp( -o  ,  )  6(f)  +— *■ — y  +  t-; - !~y - l~yJ> 

r0  '*  < 2irf)  '  (2rrf)  (2rrf) 


.2  A  r"  ¥f) 
4'  J0  (2rrf)2 


is  assumed  to  be  bounded.  Obviously,  the  delta 
function  in  (39)  corresponds  to  unmodulated  carrier 
and  the  remaining  terms  are  due  to  oscillator 
instability. 

Frequency  multiplication  is  actually  a  phase  angle 
multiplication  by  a  factor  of,  say,  M.  The  PSD  of  the 
resultant  oscillation  r(t)  =  V(2P  cos  [M^TTfgt+Sg )] 

S»(f)  =  P[S«  (f-Mf  )+S»  (f+Mfjl  (41) 
r  r0  0  rQ  0  - 


2  2  M  Si(f)  M4  Si(f) 

S»  (f)  =  exp(-M  o,  )  6(f) 4- - y~  +  T7 - y 


If  we  take  the  first  two  terms  in  (42)  for  S«  (f)  the 
„  0 
residual  energy  p(a  )  in  the  convolved  phase  noise 
spectrum  is 

P(O^)  =  l-exp(-M202)(l+M2a2)  (43) 

Where  M  is  large,  the  first-order  approximation  is 
no  longer  accurate  and  spectrum  spreading  (which 
tends  to  a  Gaussian  for  high  gains)  is  always 
present. 

B.  Specification  of  Oscillator  Stability  in  the  t- 
Domain 


Let  us  consider  the  oscillation  model 


The  less  convenient  e-domain  measures  which 
are  useful  in  a  particular  application  could  be 


specified  in  terms  of  the  two  sets  of  stability4  func¬ 
tions  (D(k)(Tk),  k=l,2,...}  and  {D<k>(Tk),  k=l,  2,  .  .  .  } 
of  the  X  fractional  phase  anX  frequency 
process.  These  -r -domain  measures  of  oscillator 
stability  are  uniquely  related  to  the  f-domain  meas¬ 
ure  Sy(f)  by  means  of  the  Mellin  transform  [l^  . 

Notice  that  they  approximate  structure  functions  of 
the  "observed"  noise  when  the  effect  of  the  "system" 
filter  is  marginal.  The  widely  accepted  measures  of 
oscillator  stability  in  precise  timekeeping  application- 
the  rms  fractional  frequency  deviation  and  the  Allan 
variance  are  examples  from  these  stability  functions. 

C.  T-Pomain  to  T-Pomain  and  T-Pomain  to  f- 
Pomain  Transformations 


Specification  of  oscillator  stability  in  t -domain 
and  T-domain  are  interrelated.  Given  the  PSD  S  (f), 
one  can  evaluate  the  structure  functions  P^  '(t*)  a&d 
P^k*(r)  via  (9)  and  (12).  On  the  other  hand,  given 

p^m*(T)  or  P^m'(-r),  we  can  find  S„(f)  via  the  Mellin 
y  x  y 

transform  or  other  techniques  discussed  in  [l1]  . 
Furthermore,  the  structure  functions  D^m'(T)  for 
mS5  have  been  shown  to  be  interrelated  in  a  simple 
way  [1]  .  The  same  is  true  for  Pj^^T).  In  the 
remainder  of  this  paper,  we  shall  demonstrate 
these  relationships  by  considering  the  problem  of 
translation  between  a  rms  fractional  frequency  devi¬ 
ation  Af(r)/f0  vs  t  plot  and  an  Allan  variance  °y(r) 
vs  rplot,  and  obtaining  Sy(f)  from  Af(r)/fg. 

2  • 

Under  the  regular  assumptions  that  oy  -  J  S y(f> df 

and  <j2  =  (*"  S  (f)/(2rrf)  df  are  finite,  it  was  shown  in 
x  0  y 

[l]that  Oy(T)  and  Aftrl/fg  are  interrelated  via 


Since  we  can  always  choose  f* R  =  k  an  integer,  (46) 
simplifies  to 

2sk/f  /II 

S  (f)  =  lim  (2yr f )  |  D  '(t)cos  2nfTdT  (47) 
y  k.-w  Jo  X 

For  computational  purposes,  (47)  can  be  rewritten  as 


k-1  1/f 


Sy(f) 


(2irf) 


lim 

k-». 


»  E  J 

■  m 


+  £•)  cos  2rrfTdT  (48) 

Similar  results  can  be  established  for  P^1  \r)  and  SffX 
Given  any  phase  or  frequency  structure  functions  oi 
order  5  or  less,  we  can  easily  compute  D^ fyr)  or 
D^Ht).  Then  S  (f)  can  be  evaluated  from  (48).  As 
a.r(  example,  we  ^an  compute  the  PSP  S  (f)  of  the 
hydrogen  maser  example  using  (13)  an<r  (48).  An 
alternative  way  would  be  to  estimate  S  (£)  directly 
from  a  (t)  by  the  table  look-up  methodae  scribed  in 
[5]  ,  assuming  a  sum  of  power-law  component  PSD. 
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FIG.  1  A  Plot  of  F  (l^TYV**)  for  m  “1,2, 3, 4  (Universal 

curves  for  identifying  power-law  type  components) 


FIG.  2  An  Oscillator  with  both  random  fluctuations  of 

Flicker  Noise  FM  and  a  Non-Random  linear  fractional 
frequency  drift  of  10-10  per  day. 
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FIG.  3  Model  for  Observing  Phase  Noise. 
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FIG.  5  Two-Oscillator  Test  Set-up  and  Model. 


FIG.  4  Model  for  Assessing  Effect  of  Phsse  Noise  In 
System  Performance. 
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fa)  POWER  TRANSFER  FUNCTION  FOR  A  FIRST-ORDER  LOOP 


'!»'  NORMALIZED  PHASE  ERROR  PSD  FOR  S(  Ifl  *  h ()/f2 

FIG.  6  Power  Transfer  Function  and  Observed  PSD 


(c»  POWER  TRANSFER  FUNCTION  FOR  PHASE  ERROR  INCREMENT 
IN  A  FIRST -ORDER  LOOP 


fdl  NORMALIZED  PHASE  ERROR  INCREMENT  PSD  FOR  S  l>  -  »(< 


FIG.  6  (Continued) 


INPUT 


5:  gnal 

a. 

System 

i 

i  Increments, 

Phase  Noise 

Filter 

^  A”  1 

G(p) 


OUTPUT 


Increments  of 
Filtered  Signal 
+  Noise 


Figure  7.  A  Block  Diagram  for  Determining  Phase  Noise 
Degradation  of  System  Performance. 
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FIG.  8  <r  (T)  for  Non-autonated  NASA  Hydrogen  Maaer. 
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SYSTEM  TYPE 

INCREMENT 

(m) 

PHASE  NOISE  SOURCE 

SYSTEM  FILTER 

One-Way  Doppler 

1 

Transmitter  Oscillator 

11 |s>* 

(floppier  Rate) 

(2) 

Receiver  VCO 

Receiver  Reference 

l-H(s) 

1 

Two-Way  Doppler 

1 

Transmitter  Oscillator 

Hk(.)  H  (.) 

H  ,3)  [l-Hv(s)l 

P-Hg^O 

(Doppler  Rate) 

(I) 

Vehicle  VCO 

Ground  VCO 

Ground  Reference 

PLL  Tracking 

1 

Transmitter  Oscillator 

(Slip  Performance) 

Local  VCO 

Communication 

1 

Transmitter  Oscillator 

l-H(s) 

System 

(Bit  Error  Rate) 

Locsl  VCO 

One-Way  Ranging 

0 

Transmitter  Oscillator 

11  (»> 

(Range  Rate) 

(1) 

Receiver  VCO 

1  -His! 

Receiver  Reference 

1 

Two-Way  Ranging 

0 

Transmitter  Oscillator 

iysi  iiv(»i 
Hjtsui-iysn 
li-u  i.i] 
is 

(Range  Rate) 

(1) 

Vehicle  VCO 

Ground  VCO 

Ground  Reference 

■*H(s)  -  Closed  Loop  Filter 


TABLE  I  Phaac  Nolaa  Degradation  of  Syatan  Parformanca. 
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ESTIMATION  OF  THE  TWO- SAMPLE  VARIANCE 
WITH  A  LIMITED  NUMBER  OF  DATA 

P.  Lesage  and  C.  Audoin 
Laboratoire  de  l'Horloge  Atomique 
Equipe  de  Recherche  du  CNRS 
Batiment  221  -  Universite  Paris-Sud 
d1405  -  Qrsay  -  France 


Tne  uncertainty  in  the  estimation  of  the  two- 
sample  variance  which  results  from  the  finite  number 
of  available  data  is  considered.  It  is  shown  that  the 
finite  number  of  measurements  does  not  introduce  bias 
in  the  time  domain  measure  of  frequency  stability.  The 
precision  in  the  estimation  of  the  two-sample  variance 
is  specified  as  a  function  of  the  number  m  of  availa¬ 
ble  data.  The  result  is  valid  for  m  >  2.  The  effect 
of  a  dead  time  between  successive  measurements  is 
pointed  out. 

Experimental  results  confirm  that  frequency  fluc¬ 
tuations  are  normally  cistributed  for  white  frequency 
and  white  phase  noises.  Experimental  results  concerning 
tne  dependence  of  the  precision  in  the  estimation  of 
tne  two- sample  variance  on  the  number  of  data  agree 
witn  theoretical  conclusions. 

In troauction 

The  definition  of  the  time  domain  measure  of  fre¬ 
quency  stability  1  assumes  an  infinite  number  of  mea¬ 
surements,  which,  obviously,  is  unrealistic.  If  it  is 
feasible  to  accumulate  a  large  number  m  of  samples  for 
small  values  of  T,  this  is  not  yet  true  for  T  larger 
than-say-1  day.  Consequently,  only  an  estimate  of  the 
average  of  the  two  sample  variance  a2(t)  can  be  cal¬ 
culated  in  practice.  The  question  then  arises  of  the 
comparison  of  the  estimated  average  and  of  the  average 
value  of  the  two  sample  variance  especially  for 

small  values  of  m  (m  ^  2).  ^ 

n 

This  problem  was  considered  in  a  previous  work". 

It  is  partly  completed  here  to  take  into  account  a  pos¬ 
sible  dead-time  between  successive  measurements,  and 
theoretical  predictions  of  the  effect  of  this  dead 
time  are  experimentally  checked  in  the  case  of  the 
white  phase  noise.  Experimental  results  concerning 
white  frequency  noise  -in  the  absence  of  a  dead  time- 
are  reported.  Furthermore,  en  error  which  has  been 
pointed  out  to  us  by  Dr.  Barnes  is  removed  in  the  pre¬ 
sent  paper. 

The  estimated  two-sample  variance 

We  consider  the  output  voltage  of  a  signal  ge¬ 
nerator.  It  may  be  written  as  : 

VC t)  =  Vo  sin  [2irvQt  ♦  ?>(t)J  (1) 

where  '.(t)  represents  the  instantaneous  phase  fluctu¬ 
ations  of  the  output  signal,  VQ  and  vQ  are  its  nominal 
amplitude  and  frequency,  respectively.  We  assume  that 
the  amplitude  fluctuations  of  the  signal  are  negligible 
and  that  its  frequency  fluctuations  are  small.  We 
let  1  i 

.  til1  ,,, 

x(t)  -  — —  V 2 ) 

2ttv 

o 


The  instantaneous  fractional  frequency  deviation  y C 1 1 
is  then  : 

y(t)  =  x ( t )  [2 

and  the  mean  value  of  y(t)  over  the  time  interval 
(t  ,t.  4  tJ  equals  : 

K.  K 


yK  =  7  Jt  y(t)ot  =  ^  [xctk»r)  -  x(tK)])i 


where  T  is  the  time  interval  between  the  beginnings  of 
two  successive  measurements.  The  quantity  y  is  direct¬ 
ly  accessible  to  experiment  by  frequency  counting  or 
period  measurement  If  is  the  measured  period 
of  the  signal,  we  have  : 

^  *  1  -  '  t  «  <tk>  (5) 

The  averaged  two-sample  variance  (A.T.S.V. )  of  the  frac¬ 
tional  frequency  fluctuations  is  then  defined  as  ^  : 

<  o2(2. T.t)  >  «  j  <  (y^-  ^)2>  (6) 

This  definition  assumes  an  infinite  number  of 
measurements.  In  fact,  only  a  finite  number  m  of  mea¬ 
surements  of  y  can  be  performed,  and  the  estimated 
two  sample  variance  (E.T.S.V.),  which  is  a  function  of 
m,  is  calculated  in  practice  as  follows  : 

m-1  2 

§y2l2-T’T'm)  ■  Tlhj  E'WV  (7) 

k  =  1 

This  formula  shows  that  the  E.T.S.V.  i9  a  random  func¬ 
tion  of  m.  The  question  then  arises  of  the  comparison 
of  the  A.T.S.V.  and  the  E.T.S.V.  Equation  (7)  gives  : 

<  o2[2.T,T,m)  >  *  <  d2(2,T,T)  >  (6) 

y  y 

This  shows  that  the  finite  number  of  measurements  does 
not  introduce  any  bias  in  the  estimation  of  the  two- 
sample  variance. 

Variance  of  the  estimated  two-sample  variance 


The  E.T.S.V.  being  a  random  function  of  m,  we 
need  to  characterize  the  uncertainty  in  the  estimation. 
We  thus  introduce  the  variance  of  the  E.T.S.V.,  accor¬ 
dingly  to  the  common  understanding  of  a  variance.  We 
set  : 

2 

O2  [d2  (2,  T,  T  ,m)  ]  -  <[  o2(2,T.-bm)-<CS2(2.T,T)>]  >  (9) 

With  the  expression  (7)  of  the  E.T.S.V.,  we  get  : 


311 


a2[cP(2,T.T.m)] 


1 


2  m-1  m-1 


l2(m-1) 


'  U 
i=1 


J*1 


with 

6,  *  (y7  „  '  7j2  '  2  <o2( 2.T,tJ  > 

i  l-M  y 


no) 


(id 


^2  We  consider,  at  first,  the  general  dependence  of 
O  (2,T,T,m)  on  the  value  of  m.  ^ 

The  classical  law  of  large  numbers  which  states 
that  the  true  variance  of  a  sum  of  (m-1)  urcorrelated 
random  variables  decreases  as  1/(m-1),  even  for  small 
values  of  (m-1),  does  not  apply  here.  We  are  conside¬ 
ring  the  quantities  3^  which  are  correlated^  because 
twc  adjacent  differences,  y.^  "  yi  and  y^+2  ”  yi  +  i 
are  obviously  not  independent. 

Equation  (10)  can  also  be  written  as  : 
02[$2C2.T.T,m)]  ■-!-[-£♦  d  r  tm-1-K)r  1  [12) 

*■  y  J  nr  1  L  4  2(m-1)  K 

K=1 

with 

rK  -  <  eie1.K  >  (i3) 

r  .  which  does  not  depend  on  m,  represents  the  auto- 
correlatian  coefficient  of  6.  and  6  .  The  same  data 

oeing  used  in  two  adjacent  plirs.  trie  autocorrelation 
coefficient  T  ^  (and  possidly  others  :  see  Appendix) 
differs  from  zero.  Equation  (12)  then  shows  that  the 
1/lm-1)  dependence  also  occurs  for  the  considered  ran¬ 
dom  variables,  but  asymptotically  for  large  enough 
values  of  m-1.  We  will  derive  the  exact  dependence 
in  the  following. 

For  further  calculation,  we  need  to  assume  that 
tne  quantities  lyi»1  "  yj)  are  normally  distribu¬ 
ted,  It  seems  reasonable  to  assume  that  y(t)  and  the¬ 
refore  y^  are  Gaussian  processes  because  the  frequency 
fluctuations  are  the  result  of  a  large  number  of  inde¬ 
pendent  perturbations.  Furthermore,  we  have  experimen¬ 
tally  checKed  that  y  is  a  Gaussian  process  in  the 
cases  of  the  white  phase,  white  frequency  and  flicker 
frequency  noises  (see  reference  2,  and  this  work.). 

The  Gaussian  character  being  retained  in  a  linear  trans¬ 
formation,  (y  "  y.)  is  also  normally  distributed. 

We  are  then  allowed  £c  transform  the  fourth-order  mo¬ 
mentum  involved  in  (1G)  into  a  sum  of  second-order 
momenta,  and  we  obtain  : 


o‘[q2(2,T,T.m)] 


1 


2  ( m- 1 ) 
m- 1  m-  1 


(14) 


E  £  <cym  -  yii(yj.i  -  V  >' 

i=1  j=1  1  J  J 


Relation  between  the  variance  of  the  estimated  two 
sample  variance  and  the  spectral  density  of  frequency 
fluctuations 


We  consider  the  autocorrelation  function  of  x(t) 
defined  by  r  : 

*  The  autocorrelation  function  R  (  8)  is  defined  for 
white  and  flicker  noises  of  phase.  For  white,  flicker 
and  rancom  frequency  noises,  the  phase  is  not  statio¬ 
nary  One  should  tr.er  consider  the  autocorrelation 
function  of  y(t)  This  will  not  be  made  here  for  sake 
of  briefness.  Relation  (22)  is  valid  for  all  the  usual¬ 
ly  considered  noise  processes. 


R  (  8)  *  <  x(t)  xlt-  8)  > 
x 


Relation  (14)  can  then  be  written  as  : 


(15) 


02[o2(2,T.T.m)j  = 
m-1  m- 1  , 

- L- 2  r  y  J*  R  [U-JJT]  -  2  R  [(i-j)  T  -  t] 

2  ( m- 1 ) 2  f-  £*,1 

-  2  Rx[ti-j)  T  ♦  tJ-  2  Rx[(i-j  -  1 )  T]  -  2R^  [  ( i- j*  1 )  t] 

*R  [(i-j  -  1)T-t]  ♦  R  [t i-j- 13  T  *  t]  *  R  [(i-j*1)T  -  rj 
x  « 2X  x 

♦  Rx[(i-j*1)T  ♦  t] 1  (16) 

The  autocorrelation  function  R  (6)  is  connected  to 
the  one-sided  power  spectral  density  of  fractional 


frequency  fluctuations  S  (f)  by  : 

a  y 


R  (€)  = 


4tt  J  o  f  ^ 


— sr  S  (f)  COS  27TfP  df 


(17) 


We  consider  the  set  of  five  independent  noise 
processes  with  the  following  power  law  spectral  den¬ 
sities  : 

S'  tf)  -  h  fa  .  a  -  2, 1,0, -1,-2  ,  f  >  C  (16) 
y  a 

We  take  into  account  the  finite  bandwidth  of  the  signal 
source  and  of  the  circuits  which  are  used  to  filter  the 
signal  before  its  processing  by  the  frequency  fluctua¬ 
tion  measuring  system.  Two  different  expressions  cf  the 
system  function  H(f)  of  this  filter  are  generally 
used  T.2,7  .• 


.  H  If) 


1  ;  0  £fj:f 

c 

0  elsewhere 


(15) 


.  h_(f ) 


The  spectral  density  of  the  observec  fractional  frequEn 
cy  fluctuations  is  then  s 

S  (f)  =  h  f°  I H( f )  ] 2  CD 

y  a 

Introducing  (17)  into  (16)  we  obtain  the  following  ex¬ 
pression  of  the  variance  of  the  E.T.S.V.  : 


(m-1)2  a2[o2!2,T,-t,m)  ]  = 
‘  y 


8(m-i )  1  f  s  (f)  asL  l  ‘ 

I  Jo  y  ( rrf T ) J 


16 


m-2 

mi 


(m-K- 1 ) 


f® 


(f)  cos  2kTTfT  sin* 


sin  mf T 
(nfT)2 


Of 


The  integrals  involved  in  (22)  converge  for  f  *  C 
and  f  -»  =,  for  the  filtered  spectral  densities  conside¬ 
red  here.  The  variance  pf  the  E.T.S.V.  is  rersfore 
defined  without  any  approximation. 

Relative  uncertainty  on  the  characterization  of  -fre¬ 
quency  stability 

Relative  uncertainty  or  estinatec  two-sample  variance 

We  introduce  A  the  deviation  jf  c^C.T.x.r)  rela¬ 
tive  to  <o2  (2.t.t  )  >  y 

y 

$2(2.T,t.r)  -  <c2(2.T.t)> 

a  .  _¥ — - y - 

<0Z(2.T.t)  > 

y 


(23) 
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Tha  quantity  A  is  a  ranaorr.  function  of  m.  Tne  standarc 
ceviation  o(A)  defines  the  relative  uncertainty  in  the 
determination  of<0^  12# T,t) >  due  to  the  finite  r.unter  of 
measurements.  From  relation  123)  we  obtain 


0  (  A) 


1 

«J2(2.T.x)> 

y 


( 2 ,  T ,  x ,  m) 


124) 


The  dependence  of  olA)  on  the  available  number  of 
measurements  can  then  be  derived  from  expressions  (22) 
and  (24).  It  occurs  that  the  final  result  is  the  same 
for  the  two  considered  system  functions  H  (f)  ana  h  (fl 
in  tne  case  T  *  x,  and  for  a  3  -  2  to  2.  in  the  pre¬ 
sence  of  a  dead  time,  the  same  is  true  for  white 
noise  of  phase.  Table  1  shows  the  expressions  of 
o(A),  as  a  function  of  m,  for  the  considered  noise 
processes,  and  for  T  *  T.  For  a  *  2,1, 0,-2,  the  re¬ 
sults  are  valid  for  m  >  2.  In  the  case  a  =  -  1,  tne 
expression  given  in  table  1  is  valid  within  a  preci¬ 
sion  of  /\  %  for  m  >  S  ;  for  smaller  values  of  m,  the 
exact  results  are  specified  in  Table  2. 


It  occurs  that  the  uncertainty  in  the  estimation 
of  tne  two  sample  variance  depends  on  the  dead- time 
T-t  between  successive  measurements.  Up  to  now,  we 
have  only  derived  a  result  useful  for  the  interpre¬ 
tation  of  an  experiment  reported  below.  More  detailed 
results  will  be  published  later.  For  white  noise  of 
phase,  we  have 


o(A)  = 


/I 2m- 16 
2  ( m- 1 1 


This  result  is  valid  for  2irf  x  >>  1 

c 


(25) 

and  2rrf  (T-x)»  1. 
c 


Precision  of  tha  time  domain  measure  of  frequency  sta¬ 
bility 


In  practice,  the  frequency  stability  Qf  a  fre¬ 
quency  source  is  characterized  by  the  square  root  of 
the  experimentally  determined  F.T.S.V. .  i.e.,  with 
d2(2.T,x.m)] 122.  Therefore,  we  also  Introduce  6  given 


by  i 
6  = 


[&2(2.T.x.m)j 


1/2-  <  a2 (2.T.T.1  >1/2 

y 


<d2(2,T.T)  >1/Z 


(26) 


a(6)  specifies  the  precision  of  the  time  domain  mea¬ 
sure  of  frequency  stability,  as  a  function  of  the 
number  of  available  data. 


We  will  now  assume  that  the  condition  #<<1  is 
fulfilled  i.e.  that  the  number  of  measurements  is  large 
enough  to  get  a  good  confidence  on  the  frequency  sta¬ 
bility  measure.  From  equations  (26)  and  (24),  we  then 
obtain  the  following  expression  : 

0(6)  -  I  0(4)  for  5«1  (27) 


From  Table  1  and  relation  (27),  we  then  obtain 
the  following  result  for  T  -  t,  valid  within  a  preci¬ 
sion  of  10  %  for  m  >  5 


with 


cr  ( 6 )  =  K 

a 


-1/2 

m 


=  0.99 

1 

0.67 

0.77 


(26) 


(29) 


K_2-  0.76 


In  the  presence  of  a  dead- time,  such  as  2irf  (T-x) 
»  1  and  2irf  x  »  1,  we  obtain  0(5)  *  0.97  m"1/2Cfor 
the  white  na?9e  of  phase  case,  which  differs  signifi¬ 
cantly  from  the  result  0(5)  *  0.99  established 

within  the  condition  T  ■  x. 


Experimental  results 

Some  experimental  results  have  peer,  publisher 
previously  They  are  completed,  using  a  cesium 
beam  frequency  stendarc  ana  hyaroger  masers  tc  expe¬ 
rience  the  cases  a  =  0  and  2. 

White  frequency  noise 

Appropriate  signals  are  frequency  synthesizec 
from  the  5  MHz  output  of  a  cesium  ceam  frequency  st ab¬ 
oard,  and  drive  a  triple  heterodyne  receiver  which  is 
connected  tc  the  1.42  GHz  output  of  a  h>crc,gen  maser. 

A  beat  note  at  the  frequency  of  5. 76  Khz  is  cotainec. 

It  is  filtered  in  a  selective  amplifier,  with  a  canc- 
width  of  40  Hz.  The  duration  of  57  50D  perioos  cf  the 
beat  note  is  measured.  Therefore  x  equals  1C  s.  The 
dead  time  amounts  to  0.17  ms  and  is  assumed  tc  ce 
negligible. 

For  T  =  10  s,  the  cesium  beam  frequency  standard 
shows  a  frequency  stability  o  ■  1,7  x  1C*^  enc 
we  are  well  within  the  range  of  Values  of  x  for  which 
a  ( i J  varies  as  T“^^.  The  frequency  generator  is  tne- 
p&rtu  rbed  by  white  noise  oT  frequency. 

A  total  number  of  7  500  measurements  has  teen 
performec.  Counting  results  were  recorcec  on  a  magne¬ 
tic  tape  for  the  purpose  of  computer  analysis.  Figure 
1  shows  that  counting  times  x^  are  normally  distribu- 
ted.  Therefore,  y^  and  ylt)  are  alse  normally  oistri- 
butea. 

Afterwards,  the  measurements  have  been  separatee 
intc  7  500/m  sets  ef  m  measurements  with  2  i  it,  i  800. 
The  E.T.S.V.  has  been  computed  f(jr  each  set  of  given 
m,  and  the  relative  uncertainty  —  d(A)  i.e.  d(6)  for 
m  large  enough  has  been  determined  from  ^he  7  500/m, 
values  of  the  E.T.S.V.  The  variation  of  —  0(A)  are 
depicted  on  figure  2.  The  experimental  result  is 
-n  4o 

0(6)  *  0.84  m  '  for  a  =  D  and  T  »  T  (30 

This  agrees  satisfactorily  well  with  the  theoretical 
result. 

White  phase  noise 

A  beat  note  is  obtained  between  two  hydrogen  ma¬ 
sers,  at  a  frequency  of  2  Hz.  It  is  low-pass  filtered, 
with  a  bandwidth  of  6  Hz.  The  duration  of  10  periods 
of  the  beat  note  is  measured.  We  then  have  x  *  5  s. 

The  dead- time  equals  0.5  s  and  the  condition  2nf  • 

(T-x)  »  1  is  satisfied.  In  this  experiment,  H-masers 
are  perturbed  by  white  noise  of  phase,  and  we  have 
o  *  9  x  10'1'1  for  X  *  5  s. 

y 

A  total  number  of  7  500  measurements  has  been 
processed  as  above.  Figure  3  shows  that  counting 
results  are  normally  distributed  and  that  y(t)  repre¬ 
sents  a  Gaussian  process.  The  experimentally  determi¬ 
ned  variation  of  —  o(A)  (i.e.  0(6)  for  m  large  enough) 
are  shown  on  figure  4.  The  experimental  result  is 

0(6 )  •  0.83  n\  ‘  7  (31) 

for  a  *  2  and  2mf  X  »  1,  2sf  (T-t)»1.  in  good 
agreement  with  thSory,  in  thecpresence  of  a  dead-time. 

Conclusion 

We  have  shown  that  the  finite  number  of  data  does 
not  introduce  bias  in  the  time  domain  measure  of  fre¬ 
quency  stability.  We  have  compared  the  variance  of 
the  average  value  of  the  two  sample  variance  with  the 
classical  result  of  the  law  of  large  numbers,  and  ws 
have  show  the  reasons  of  the  small  discrepancy  bet¬ 
ween  the  relevant  theoretical  results,  for  small 
values  of  m. 

The  variation  of  the  variance  of  the  average 
value  of  the  two  sample  variance,  and  of  its  square 
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root,  as  a  function  of  the  number  of  available  data, 
is  given.  The  precision  in  the  time  domain  measure 
of  frequency  stability  can  then  be  stated,  accordingly 
to  the  number  of  data  used  in  its  estimation.  The 
effect  of  dead-time  between  successive  measurements  is 
pointed  out. 

Experimental  results  concerning  white  phase  and 
white  frequency  noises  are  reported.  The  frequency 
fluctuations  are  normally  distributed  and  theoretical 
results  are  experimentally  verified  for  the  two  afo¬ 
rementioned  Kinds  of  noise. 


Appendix 


The  calculation  of  T  .  for  a  normally  distri¬ 
buted  noise  process  shows^the  results  summarized 
below,  where  the  T  which  differs  from  zero  are  spe¬ 
cified.  K 


a  =  2 
a  =  1 
a  =  Q 
a  »  -  1 
a  -  ~  2 


r 


2 
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TABLE  2 


Value  of  the  relative  uncertainty  on  the  estimated  two-sample  variance 
for  flicker  noise  of  frequency,  for  small  values  of  m. 


m 

2 

3 

4 

5 

o(A) 

1.41 

1,02 

0.85 

0.74 
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Fifc_L  i  Distribution  of  counting  times  for  whits  frequency  noise  la  *  0,  T  1  10  s)  In 
Galtonlsn  coordinates.  Circles  represent  the  cumulative  probability  correspon¬ 
ding  to  |t.  -  t | .  with  T  * <  Tfc  >  .  Solid  line  corresponds  to  the  normal  distri¬ 
bution  of  Same  width. 


2  \  / 


is  adjusted  by  method  of  least  squares. Its  slope  is  -  0.49  and  experimental 

value  of  K.  equals  0.84. 
o 
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Fig.  3  *  Diatribution  of  counting  times  for  white  phase  noise  (a  ■  2,1  '5s),  Circles 
represent  the  cumulative  probability  corresponding  to  |x._  t|*  with  x  •  <T^  >. 
Solid  line  corresponds  to  the  normal  distribution  of  sans  width* 


317 


_4  :  Experimental  dependence  of  —  dtA)  on  number  m  of  maasuremantB  for  white  phase 
noise  (a  “  2,  x  -  S  s).  Circles  are  experimental  results.  Solid  line  is  adjus¬ 
ted  by  method  of  least  squares.  Its  slope  is  -  0.47  and  experimental  value  of 
K.  equals  0.93. 


PREDICTION  ERROR  ANALYSIS  OF  ATOMIC  FREQUENCY  STANDARDS 


D.  B.  Percival 
U.  S.  Naval  Observatory 
Washington,  D.  C.  20390 


Summary 

Predictions  of  fractional  frequency  for  lead  times 
from  1  to  64  days  are  made  for  commercial  cesium  beam 
frequency  standards  compared  against  A,1  (U3N0,  MEAN). 
Two  different  types  of  prediction  algorithms  are  stud¬ 
ied  empirically  based  upon  ARIMA  models  and  fixed  mem¬ 
ory  polynomial  filters.  Analysis  of  prediction  errors 
shows  that  a  useful  measure  of  fractional  frequency 
instability  for  various  sampling  times  may  be  based 
upon  the  empirical  cumulative  distribution  function  of 
prediction  errors  for  various  lead  times.  In  particu¬ 
lar,  the  95%  and  50%  sample  quantiles  of  prediction 
errors  have  several  desirable  properties  as  instability 
measures.  First,  the  problem  of  defining  what  is  a 
systematic  component  in  fractional  frequency  deviates 
is  simplified:  if  there  is  no  reasonable  procedure  for 
dealing  a  priori  with  a  suggested  systematic  component 
in  a  prediction  algorithm,  then  that  component  will 
appear  as  part  of  the  prediction  errors.  Second,  the 
sample  quantiles  of  the  prediction  errors  may  be  trans¬ 
formed  easily  into  probablistic  time  errors.  Third, 
although  a  prediction  algorithm  may  be  quite  complex, 
quantiles  as  a  measure  of  fractional  frequency  insta¬ 
bility  are  easy  to  communicate  to  those  less  familiar 
with  statistical  analysis.  Fourth,  standard  statisti¬ 
cal  procedures  exist  for  estimating  confidence  inter¬ 
vals  for  the  resulting  empirical  cumulative  distribu¬ 
tion  function  and  sample  quantiles. 

Introduction 


The  problem  of  how  best  to  predict  future  values 
of  the  time  and  frequency  of  an  atomic  clock  has  re¬ 
ceived  much  attention  in  the  past  ten  years.  1,2,3 
The  prediction  problem  is  one  of  practical  Importance 
in  such  areas  as  utilization  of  portable  clock  data, 
control  of  time  and  frequency  at  remote  stations,  and 
time  scale  formation.  This  report  will  first  summa¬ 
rize  the  results  of  an  empirical  study  of  two  classes 
of  prediction  methods.  An  analysis  of  the  resulting 
prediction  errors  (in  cases  where  these  errors  are 
close  to  white  noise)  will  then  show  how  prediction 
errors  may  be  used  as  a  simple  measure  of  frequency  c 
time  instability  in  a  frequency  standard.  In  fact, 
the  use  of  prediction  errors  to  characterize  frequency 
instability  has  several  important  conceptual  and  ana¬ 
lytical  advantages. 

Description  of  Data 

The  data  utilized  in  this  study  consists  of  from 
3  to  4.5  years  of  time  comparisons  of  ten  commercial 
cesium  beam  frequency  standards  compared  against  the 
local.  Independent  time  scale  generated  at  the  Naval 
Observatory,  denoted  as  A.l  (USNO,  MEAN).  Table  1 
lists  the  name  of  each  of  the  ten  frequency  standards, 
the  contiguous  amount  ot  data  available  for  each 
standard,  and,  where  applicable,  an  estimate  of  a 
linear  frequency  drift  term  made  by  a  linear  least 
squares  fit  through  the  fractional  frequency  values. 
Figure  1  shows  a  plot  of  the  relative  one-day  frac¬ 
tional  frequency  values  for  one  of  the  10  frequency 
standards,  Cs  571.  The  plot  Indicates  a  slow,  but 
pronounced  linear  drift  In  frequency.  Of  the  ten 
clocks  studied,  five  had  a  significant  linear  drift  in 
frequency;  two  others  had  a  drift  of  a  higher  order 
than  linear;  and  three  had  no  significant  drift.  For 


drifts  of  the  magnitude  apparent  in  commercial  cesium 
beam  frequency  standards,  one  can  see  from  Figure  1 
chat  long  data  samples  are  necessary  in  order  to  esti¬ 
mate  the  drift  term  accurately. 

Prediction  Methods 


Background 

The  prediction  methods  that  were  examined  fall 
into  two  general  classes:  autoregressive  integrated 
moving  average  (ARIMA)  methods  and  fixed  filter  meth¬ 
ods.  Box  and  Jenkins  have  given  a  detailed  exposition 
on  ARIMA  models.4  Barnes  has  discussed  briefly  the 
application  of  ARIMA  models  to  time  and  frequency  da¬ 
ta.2  Morrison  has  an  extensive  discussion  on  the  fix¬ 
ed  filter  approach.5  A  distinctive  feature  of  both 
classes  of  prediction  methods  is  that  the  predictions 
are  based  only  upon  analysis  of  empirical  samples  of 
time  series.  In  particular,  no  assumptions  need  be 
made  about  the  underlying  form  of  the  power  spectrum 
of  the  fractional  frequency  process. 

ARIMA  Methods 


Following  the  analysis  procedure  described  by 
Box  and  Jenkins,  models  of  the  form 

9 
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were  fit  to  each  of  the  ten  series  of  one-day  frac¬ 
tional  frequency  values,  where  wt  is  the  d-th  finite 
difference  at  day  t  of  the  one-day  fractional  fre¬ 
quency  values,  yt;  4p  are  P  autoregressive 

parameters;  9q  is  a  parameter  which  accounts  for  the 
slow  linear  drift  in  frequency  seen  in  some  cesium 
beam  frequency  standards;  Bj,  82,  ...  ,8-  are  q  mov¬ 
ing  average  parameters;  and  at,  a,^,  at_2,  ...  is  a 
sequence  of  uncorrelated  random  variables  with  zero 
mean  and  constant  variance,  i.e.,  E(a  )  -  0,  E(a  a  ,) 
”  0  for  1  i*  0,  and  E(a£)  “  o2.  Models  of  the  above 
form  are  called  ARIMA  models  of  order  (p,d,q).  Once 
p,  d,  and  q  have  been  specified,  there  are  p+q+2 
parameters  to  be  estimated. 

By  examining  the  estimated  autocorrelation  func¬ 
tions  and  the  estimated  partial  autocorrelation  func¬ 
tions  for  {wt)  formed  by  letting  d  ■  0,  1,  and  2,  it 
was  found  for  all  ten  clocks  that  these  functions 
damped  out  rapidly  when  d  »  1  (i.e.,  the  first  finite 
difference  of  the  fractional  frequency  values  ap¬ 
peared  to  be  stationary)  and  that  a  model  of  order 
(0,1,1)  might  be  appropriate.  (This  model  Is  also 
called  an  exponentially  weighted  moving  average.) 

Least  squares  estimates  of  the  three  parameters  In 
the  (0,1,1)  model  (o^,  9q,  6^)  were  obtained.  The 
estimated  models  were  used  to  predict  sequentially 
the  observed  series  of  fractional  frequencies.  The 
sequences  of  one-day  prediction  errors  were  then 
examined  using  two  tests  recommended  by  Box  and 
Jenkins,  a  portmanteau  test  on  the  empirical  auto¬ 
correlation  function  of  the  prediction  errors  and  a 
cumulative  perlodogram  (white  noise)  test.  For  three 
of  the  ten  clocks,  the  (0,1,1)  model  was  not  rejected 
as  being  Inadequate  at  the  .05  level  of  significance 
by  either  test.  For  the  remaining  seven  clocks,  the 
next  two  possible  higher  order  models  were  then  fit. 


the  (0,1,2)  model  and  the  (1,1,1)  model.  Of  the  seven 
remaining  clocks,  five  were  not  found  to  be  in¬ 
adequately  modeled  by  one  of  these  two  higher  order 
models  using  both  tests  at  the  .05  level  of  signif¬ 
icance.  For  the  two  clocks  for  which  none  of  the 
three  ARIMA  models  considered  was  adequate,  the  (0,1, 
1)  models  were  used  for  subsequent  comparisons  with 
other  prediction  methods.  (For  one  clock,  Cs  837,  a 
plot  of  the  one-day  prediction  errors  indicated  that 
the  lack  of  fit  was  due  to  a  gradual  increase  in  the 
variance  of  the  prediction  errors  during  the  last  400 
days  of  data.  The  other  inadequately  modeled  clock, 

Cs  591,  had  an  unusual  large  number  of  isolated,  large 
prediction  errors.  It  is  interesting  to  note  that  the 
two-day  average  fractional  frequency  values  of  Cs  591 
were  adequately  modeled  by  an  ARIMA  (0,1,1)  model.) 
Table  2  lists  the  estimated  parameters  and  the  criti¬ 
cal  values  of  the  two  tests  for  the  models  of  interest 
for  each  clock. 

For  predictions  made  for  k  days  in  advance,  where 
k  >  1,  two  procedures  were  considered.  First,  the 
sequence  of  k  day  average  fractional  frequency  values 
was  formed  for  each  clock.  An  ARIMA  model  was  built 
for  each  sequence.  With  these  k  day  models,  pre¬ 
dictions  for  k  days  in  advance  were  made  by  fore¬ 
casting  one  interval  (k  days)  in  advance.  The  second 
procedure  simply  consisted  of  using  the  one-day  ARIMA 
model  to  predict  k  intervals  (k  days)  in  advance.  An 
empirical  comparison  indicated  that,  while  there  was 
usually  little  practical  difference  between  these  two 
procedures,  the  second  procedure  was  always  as  good  as 
or  slightly  better  than  the  first.  The  one-day  ARIMA 
models  were  thus  used  for  all  predictions.  The  pre¬ 
diction  equations  for  the  (0,1,1),  (0,1,2)  and  (1,1,1) 
models  are  given  in  appendix  1. 

The  fractional  frequency  prediction  error  made  at 
day  t  for  a  lead  time  of  k  days  is  defined  here  as 
k 

ef(k,t)  =  ^  (yt+i  -  yt(i))/k, 

where  yt  is  the  observed  fractional  frequency  value  at 
day  t;  yt(i)  is  the  predicted  fractional  frequency 
value  for  day  t+i  made  at  day  t;  t  =  0,  k,  2k,  ..., 
(n-l)k  to  eliminate  correlations  in  the  prediction 
errors  due  to  overlapping  prediction  intervals;  and  n 
is  an  integer  which  satisfies  the  inequality 

(N/k)  -  1  <  n  C  N’/k, 

where  N  is  tho  total  number  of  observed  fr^  tic:al 
frequency  val-  s.  This  definition  of  fractional  fre¬ 
quency  predic.  ..  error  allows  one  to  translate  easily 
to  a  phase  or  time  prediction  error,  e  (k,t),  by 

e^(k,t)  *  d(iir,°ke  fV  ,t). 

The  rms  fractional  trequency  error,  e^(k),  for  a  lead 
time  of  k  days  is  defined  here  as 

ef(k)  k,jk)/n. 

Table  3  lists  the  rms  fractional  frequency  pre¬ 
diction  errors  for  ill  ARIMA  models  of  interest  for 
lead  times  up  to  bu  days.  In  order  to  show  the  effect 
of  uncertainty  in  the  determination  of  ,  the  linear 
frequency  driit  compensation  parameter,  clocks  with  a 
significant  frequency  drift  have  been  modeled  both 
with  a  *; o  term  estimated  by  least  squares  and  with  6q 
set  to  0.  Generally,  Sq  becomes  important  for  pre¬ 
dictions  with  lead  times  of  32  days  or  more.  Note 
also  that  use  of  the  (0,1,1)  model  in  cases  where 
there  is  a  better  fitting  (1,1,1)  or  (0,1,2)  model  in¬ 
creases  the  rms  error  usually  by  less  than  1  x  10"1**. 
To  realize  this  small  decrease  in  rms  prediction  error 
with  either  the  (1,1,1)  or  (0,1,2)  model,  one  would 


need  to  have  a  large  amount  of  data  to  accurately 
estimate  the  parameters  in  these  more  complex  models. 
For  amounts  of  data  less  than  one  or  two  years,  one 
would  have  to  use  the  simpler  (0,1,1)  model. 

To  gain  insight  into  the  effect  of  a  limited 
amount  of  data  on  the  determination  of  the  parameters 
in  an  ARIMA  model,  the  fractional  frequency  data  for 
each  clock  were  broken  up  into  non-overlapping  seg¬ 
ments  of  64  days  length  each.  For  each  segment  of  64 
days,  a  simple  (0,1,1)  ARIMA  model  was  fit.  For  the 
case  of  Cs  571,  there  were  24  non -over lapping  64  day 
segments.  The  8.  parameter  in  the  (0,1,1)  model 
ranged  from  .35  to  .95.  The  resulting  rms  prediction 
errors  for  1  and  32  day  lead  times  based  upon  the  en¬ 
tire  1586  days  worth  of  data  are  plotted  in  Figure  2 
as  a  function  of  9j.  One  can  see  that  the  rms  pre¬ 
diction  error  is  fairly  insensitive  to  variations  in 
6^;  uncertainty  in  the  model  parameter  0^  after  a 
calibration  period  of  64  days  translates  at  most  into 
a  10%  increase  in  rms  prediction  error  for  prediction 
times  of  both  1  day  and  32  days.  Similar  results  were 
obtained  for  the  other  9  clocks. 

A  study  of  Table  3  and  Figure  2  indicates  the 
effect  of  uncertainty  on  the  rms  prediction  error  of 
Cs  571.  After  a  64  day  calibration  period,  one  would 
expect  to  realize  the  rms  prediction  errors  shown  in 
Figure  2  by  using  the  (0,1,1)  model  with  eg  s  0. 

After  about  a  year  one  would  have  a  fairly  good  esti¬ 
mate  of  both  0q  and  6^.  The  realizable  rms  prediction 
errors  would  be  close  to  the  errors  listed  in  Table  3 
for  the  (0,1,1)  model  with  0^  *  .003.  Finally,  after 
two  or  three  years,  the  realizable  prediction  errors 
should  be  close  to  those  for  the  (1,1,1)  model  with 


Fixed  Filter  Methods 

With  the  fixed  filter  approach  one  fits  a  poly¬ 
nomial  through  the  r  most  recent  data  points  and  uses 
the  resulting  regression  equation  to  forecast  future 
values.  Only  the  r  most  recent  data  points  are  in¬ 
volved  in  the  prediction  process.  A  fixed  filter 
should  be  well  suited  to  predict  a  process  in  which 
sudden  changes  occur  from  time  to  time.  It  can  be 
shown  that  the  characteristic  square  root  of  Allan 
variance  versus  sampling  time  curve  for  commercial 
cesium  beam  clocks  can  be  simulated  well  by  a  suitable 
combination  of  white  frequency  noise  plus  randomly 
distributed  steps  in  frequency . 2  * 6 » 7  If  this  proposed 
model  were  true,  then  a  fixed  filter  predictor  should 
be  close  to  ideal. 

Two  forms  of  the  fixed  filter  method  were 
examined.  In  the  order  1  model  of  length  r,  the  r 
rust  recent  one-day  fractional  frequency  values  are 
simply  averaged  to  form  the  prediction  for  a  lead 
tine  k .  A  special  case  of  this  method  occurs  when 
r  =  k.  Then  the  k-diy  in  advance  prediction  is  simply 
the  most  recent  k-day  fractional  frequency  value. 

This  procedure  has  been  called  the  end  point  pre¬ 
diction  method. 

For  the  order  2  model  of  length  r,  a  linear  least 
squares  fit  is  made  through  the  r  most  recent  one-day 
fractional  frequency  values.  The  resulting  regression 
equation  is  then  used  to  forecast  future  values. 

For  both  the  order  1  and  order  2  models,  the 
filter  length  r  was  determined  by  examining  the  rms 
prediction  error  as  r  was  varied  up  to  a  maximum  of 
256  days.  The  le9t  r  for  each  lead  time  k  was  de¬ 
fined  as  that  r  which  minimized  the  k-day  rms  pre¬ 
diction  error.  The  rms  prediction  errors  and  the  best 
r  for  all  ten  clocks  are  listed  in  Table  4  for  the 
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order  1  model  and  in  Table  5  for  the  order  2  model. 
Comparison  of  Prediction  Methods 

A  comparison  of  Tables  3,  4,  and  5  indicates  that 
the  rms  prediction  errors  for  the  fixed  filter  methods 
were  generally  somewhat  larger  than  for  the  ARIMA 
models.  The  most  notable  exceptions  were  Cs  549  and 
Cs  660.  For  longer  sampling  times,  the  order  1  fixed 
filters  were  better  for  these  two  clocks.  The  order  1 
fixed  filter  was  generally  superior  to  the  order  2 
fixed  filter  except  in  the  case  of  Cs  591  and  in  cases 
where  frequency  drift  was  important.  The  rms  pre¬ 
diction  errors  for  the  order  1  fixed  filter  method 
were  generally  quite  close  to  the  ARIMA  model  pre¬ 
diction  errors.  The  fixed  filter  methods,  however, 
have  an  advantage  over  ARIMA  methods  in  the  simplicity 
of  their  implementation. 


time  error,  that  95%  of  the  absolute  32  day  time  pre¬ 
diction  errors  will  be  less  than  220  nanoseconds. 

The  difference  between  instability  measures  based 
upon  prediction  errors  and  the  most  commonly  us  ;d  time 
domain  instability  measure,  the  Allan  variance, 
is  not  trivial.  Table  6  shows  o.,(tj  and  the  ratio  of 
»/2cv(t)  to  the  rms  fractional  frequency  prediction 
error  of  the  most  sophisticated  ARIMA  model  for  each 
of  the  ten  clocks  as  a  function  of  lead  or  sampling 
time.  (For  those  clocks  with  a  significant  linear  fre¬ 
quency  drift,  cv(t)  was  computed  after  removal  of  the 
frequency  drift' by  linear  least  squares  solution  to  the 
fractional  frequency  values.)  Note  that  this  ratio  is 
generally  not  constant  as  a  function  of  lead  l  r  sam¬ 
pling  time.  Care  must  be  taken  in  using  r  ( t)  as  a 
measure  of  predictability  of  fractional  frequency  or 
time. 


Prediction  Errors  as  Instability  Measures 

The  characterization  of  long  term  instability  of 
frequency  standards  has  been  accomplished  in  practice 
in  several  steps.  One  obtains  a  sequence  (x(t),  t  =  0, 
t,  2t,  . Nt)  of  N4-1  phase  measurements  between  two 
frequency  standards  (or  a  frequency  standard  and  a  time 
scale),  where  x  is  the  time  between  successive  measure¬ 
ments.  One  forms  the  sequence  (y(t)  *  (x(t)-x(t-x))/T» 
t  *  i,  2t,  .  .  .  ,  Nt)  of  N  average  fractional  fre¬ 
quency  deviations.  A  model  of  the  form  y(t)  =  c(t)  + 
n(t)  is  assumed,  where  c(t)  is  some  deterministic 
function  of  time  known  as  the  systematics  and  n(t)  is 
the  noise.8  In  order  to  characterize  n(t)  statis¬ 
tically,  c(t)  must  be  removed,  and  n(t)  must  be  fil¬ 
tered  in  some  fashion  to  produce  an  instability 
measure  that  converges  asymptotically  to  some  value. 

The  variance  of  the  residual  sequence  is  then  used  for 
comparison  of  frequency  standards  or  for  further 
analysis;  e.g.,  a  spectral  density  function  is 
estimated. 

This  approach  to  instability  characterization  has 
proven  quite  fruitful.  There  are  two  criticisms  of 
this  procedure.  First,  the  removal  of  c(t)  is  some¬ 
what  subjective,  and  the  effect  of  uncertainty  in  its 
removal  is  not  quantified.  Second,  the  nuantity  to 
which  an  instability  measure  converges  may  not  be 
immediately  useful  to  all  system  designers.  In  par¬ 
ticular,  some  system  requirements  are  stated  in  terms 
of  tolerable  time  or  phase  error.  In  cases  where 
these  criticisms  are  valid,  one  can  adopt  a  different 
approach  by  equating  instability  in  a  frequency  stan¬ 
dard  with  a  measure  of  the  unpredictability  of  its 
fractional  frequency.  One  could,  for  example,  quote 
rms  fractional  frequency  prediction  errors,  as  done  in 
Table  3.  An  alternative  procedure  is  to  study  the  em¬ 
pirical  cumulative  distribution  function  of  the  abso¬ 
lute  value  of  the  prediction  errors  for  different  lead 
times  of  interest.  This  function  i9  shown  in  Figures 
3  and  4  for  Cs  571  for  1  day  and  32  day  prediction 
times,  respectively.  The  prediction  errors  referred 
to  in  these  figures  are  the  errors  from  the  (1,1,1) 
ARIMA  model  with  a  term  accounting  for  linear  fre¬ 
quency  drift.  Since  the  prediction  errors  are  white 
and  normally  distributed  approximately,  one  may  assume 
that  they  are  approximately  independent.  With  this 
assumption,  one  can  produce  confidence  intervals  for 
various  sample  quantiles  of  interest  from  the  empirical 
cumulative  distribution  function  using  the  binomial 
distribution. 9  In  Figures  3  and  4,  separate  95%  con¬ 
fidence  Intervals  are  shown  for  the  50%  and  95%  quan¬ 
tiles.  The  sample  quantiles  allow  one  to  make  valid 
probabilistic  statements;  for  example,  based  upon  the 
past  history  of  Cs  571,  one  can  expect  that  95%  of  the 
absolute  32  day  fractional  frequency  prediction  errors 
will  be  less  than  8  x  10“14,  or,  in  terms  of  phase  or 


The  chief  disadvantage  of  instability  measures 
based  upon  prediction  errors  is  their  computational 
complexity  compared  to,  for  example,  the  Allan  variance. 
There  are,  however,  a  number  of  advantages  in  con¬ 
sidering  prediction  errors  as  instability  measures. 
First,  unlike  other  measures  of  frequency  instability, 
empirical  quantiles  of  the  absolute  prediction  errors 
are  direct  probabilistic  measures  of  both  time  and 
fractional  frequency  errors.  For  system  requirements 
stated  in  terms  of  tolerable  time  or  phase  error  over 
a  certain  period  of  time,  a  study  of  empirical  distri¬ 
bution  errors  would  indicate  how  often  one  would  expect 
a  frequency  standard  to  be  within  tolerance.  Second, 
the  quantiles  of  prediction  errors  as  measures  of  fre¬ 
quency  instability  are  easy  to  communicate  to  those 
less  familiar  with  statistical  analysis.  The  quan¬ 
tities  to  which  other  instability  measures  converge  art 
often  difficult  to  explain  in  an  intuitive  way.  Third, 
the  effects  of  a  limited  amount  of  data  on  the  esti¬ 
mation  of  model  parameters  and  on  the  elimination  of 
systematic  components  such  as  linear  frequency  drift 
may  be  easily  quantified.  Fourth,  standard  statistical 
procedures  exist  for  estimating  confidence  intervals 
for  the  resulting  empirical  cumulative  distribution 
function  and  sample  quantiles. 

Barnes  has  pointed  out  that  ARIMA  models  in  par¬ 
ticular  have  a  number  of  additional  benefits.2  After 
an  AP'MA  model  has  been  built  for  a  frequency  stan¬ 
dard,  one  can  easily  produce  an  estimate  of  the  power 
spectrum  of  the  fractional  frequency  process,  and  one 
knows  immediately  how  to  simulate  sequences  of  frac¬ 
tional  frequency  values  with  statistical  content  simi¬ 
lar  to  the  original  clock  data.  One  can  also  produce 
a  theoretical  Allan  variance  versus  sampling  time  curve 
from  the  parameters  in  an  ARIMA  model.  In  particular, 
for  the  (0,1,2)  model  (of  which  the  (0,1,1)  model  is  a 
special  :.ase),  there  exists  the  exact  relationship 

e2(0  =  o^<2t(i+o|+^|  +:e ,  s2-2e  ,-26,  )+t" 1  (i+e?+e2-48 )  ej 

+48,+22e2)-T-218S2)/6, 

for  t  ±  1  day.  (In  fact,  for  any  model  of  the  form 
(0,1, q),  there  exists  a  closed  form  theoretical  Allan 
variance,  although  fur  large  q  it  would  be  very  tedious 
to  derive.)  For  the  (1,1,1''  model,  an  approximate 
theoretical  Allan  variance  curve  can  be  derived  by  con¬ 
verting  the  (1,1,1)  model  into  an  approximate  (0,1, q) 
model  using  the  techniques  described  by  Box  and 
Jenkins.  Figure  5  shows  the  theoretical  Allan  variance 
curve  for  Cs  571  formed  by  converting  the  appropriate 
(1,1,1)  model  into  an  approximate  (0,1,2)  model.  The 
actual  values  for  the  square  root  of  the  Allan  variance 
for  Cs  571  are  also  plotted.  (The  confidence  limits 
are  based  upon  the  work  of  Audoin  and  Lesage.10)  For 
longer  sampling  times  the  theoretical  Allan  variance 
overestimates  the  estimated  Allan  variance  by  a  con- 
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siderable  margin.  This  was  true  for  most  of  the 
clocks  in  the  study.  The  ability  of  simple  ARIMA 
models  to  reproduce  the  observed  Allan  variance  is 
thus  limited. 


Appendix  1 

Let  y(t)  represent  the  one-day  average  fractional 
frequency  value  at  day  t;  yt(i)  be  the  forecast  of 
y(t+i)  made  at  day  t;  and  a(t)  *  y(t)  -  yt-l(l)  be  the 
one-day  forecast  error  at  day  t;  then,  given  frac¬ 
tional  frequency  values  up  to  day  t,  the  prediction 
equations  for  the  (0,1,2)  ARIMA  model  are: 

yt(D  •  y(t)  +  90  -  8^a(t)  -  82a(t-l) 

yt(2)  -  yt(D  +  0O  -  02a(t) 

yt(j)  ■  yt(j-D  +  0O.  j  ■  3,  4,  s,  ... 

If  82  »  o  in  the  above  equations,  then  the  above 
equations  become  the  prediction  equations  for  the 
(0,1,1)  ARIMA  model.  Likewise,  the  prediction 
equations  for  the  (1,1,1)  ARIMA  model  are: 

yt(l)  -  (1  +  0x)y(t)  -  0}y(t-l)  +  0q  -  81a(t) 

yt{2)  -  (1  +  ®1)Pt<l)  -  0xy(t)  +  e0 
yt(j>  -  (l  +  01)yt(J-i)  -  0xyt(j-2)  +  e0,  J  -  3,  4, 
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TABLE  1 


SCILLATOR 

DAYS  OF  DATA 

LINEAR  FREQUENCY  DRIFT 

COMMENTS 

Cs  346 

1600 

3.2  x  10“ 1 ’/year 

Cs  532 

1600 

not  significant 

Cs  549 

1600 

not  significant 

Cs  571 

1587 

1.6  x  10” 13 /year 

High  performance  beam  tube 

Cs  591 

1338 

3.9  x  10_U/year 

Cs  654 

1330 

-5.1  x  10  13/year 

High  performance  beam  tube 

Cs  660 

1352 

not  significant 

High  performance  beam  tube 

Cs  783 

1245 

non-linear 

High  performance  beam  tube 

Cs  834 

1127 

- 1  3 

1.8  x  10  /year 

High  performance  beam  tube 

Cs  837 

1016 

non-linear 

High  performance  beam  tube 

TABLE  2 


OSCILLATOR 

Cs  346 

MODEL 

(0,1.1) 

80(xl013) 

+.011 

MODEL  PARAMETERS 

®1=. 86 

/o2  (xlO13) 
a 

1.44 

a 

P 

.13 

a 

w 

.19 

Cs  532 

(0,1.1) 

0 

0J-.84 

1.20 

.60 

.10 

(0,1,2) 

0 

®1“. 75 

1.24 

.09 

>.25 

Cs  549 

®2=. 05 

(0,1,1) 

0 

\-.80 

1.24 

.02 

.10 

(1.1,1) 

+.003 

6, -.90 

0.49 

.80 

>.25 

Cs  571 

0^=. 30 

(0.1,1) 

+.003 

0  -.  72 

0.50 

<■01 

<•001 

Cs  591 

(0,1,1) 

+.013 

0j“. 92 

1.61 

.004 

A 

o 

*-* 

(0,1,2) 

-.012 

§1“.60 

0.69 

.15 

>.25 

Cs  654 

02-.15 

(0,1,1) 

-.012 

0J-.72 

0.70 

<•01 

<•001 

(1.1,1) 

0 

§1*. 80 

0.81 

.25 

>.25 

Cs  660 

01-.45 

(0,1,1) 

0 

01-.41 

0.83 

<•01 

<■001 

Cs  783 

(0,1.1) 

-.010 

V-73 

0.56 

.30 

>.25 

(1.1.1) 

+.007 

?!-. 90 

0.54 

>.995 

>.25 

Cs  834 

^“.45 

(0,1,1) 

+.007 

81-.54 

0.57 

<•01 

<■001 

Cs  837 

(0,1,1) 

-.023 

® j-. 78 

0.93 

<.01 

<•001 

0^  is  the  critical  level  of  the  portmanteau  lack  of  fit  test;  aw  is  the 
critical  level  of  the  cumulative  periodogram  test. 
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TABLE  3 

SMS  PREDICTION  ERRORS  FOR  ARIKA  MODELS  (xIO13) 

LEAD  TIMES  (DAYS) 


OSCILLATOR 

ARDIA  MODEL 

eo 

1 

2 

4 

8 

16 

32 

64 

Cs 

346 

(0,1,1) 

•  Oil 

1.44 

1.11 

0.92 

0.75 

0.71 

0.73 

0.90 

(0,1,1) 

0 

1.44 

1.12 

0.92 

0.76 

0.73 

0.75 

1.04 

Cs 

532 

(0,1,1) 

0 

1.20 

0.94 

0.75 

0.64 

0.63 

0.66 

0.88 

Cs 

549 

(0,1,2) 

0 

1.24 

1.01 

0.85 

0.84 

0.83 

0.98 

0.99 

(0,1,1) 

0 

1.24 

1.01 

0.85 

0.84 

0.83 

0.99 

0.99 

Cs 

571 

(1.1.1) 

.003 

0.49 

0.42 

0.38 

0.34 

0.34 

0.39 

0.43 

(1,1,1) 

0 

0.50 

0.42 

0.38 

0.34 

0.34 

0.40 

0.47 

(0,1,1) 

.003 

0.50 

0.43 

0.39 

0.35 

0.37 

0.42 

0.50 

(0,1,1) 

0 

0.50 

0.43 

0.39 

0.35 

0.37 

0.43 

0.53 

Cs 

591 

(0,1,1) 

.013 

1.61 

1.23 

0.95 

0.78 

0.72 

0.60 

0.45 

(0,1,1) 

0 

1.61 

1.24 

0.96 

0.81 

0.75 

0.64 

0.57 

Cs 

654 

(0,1,2)  - 

.012 

0.69 

0.59 

0.50 

0.54 

0.49 

0.63 

0.77 

(0,1,2) 

0 

0.69 

0.60 

0.50 

0.55 

0.53 

0.67 

0.89 

(0,1,1) 

.012 

0.70 

0.60 

0.50 

0.55 

0.50 

0.64 

0.76 

(0,1,1) 

0 

0.70 

0.60 

0.51 

0.56 

0.53 

0.68 

0.87 

Cs 

660 

(1.1,1) 

0 

0.81 

0.78 

0.75 

0.74 

0.83 

1.02 

1.41 

(0,1,1) 

0 

0.83 

0.82 

0.81 

0.80 

0.91 

1.04 

1.44 

Cs 

783 

(0,1,1) 

.010 

0.56 

0.45 

0.42 

0.41 

0.46 

0.58 

0.95 

(0,1,1) 

0 

0.56 

0.46 

0.42 

0.41 

0.47 

0.63 

1.05 

Cs 

834 

(1.1,1) 

.007 

0.54 

0.51 

0.44 

0.44 

0.44 

0.51 

0.56 

(1,1,1) 

0 

0.54 

0.51 

0.45 

0.44 

0.46 

0.54 

0.58 

(0,1,1) 

.007 

0.57 

0.54 

0.49 

0.53 

0.52 

0.56 

0.65 

(0,1,1) 

0 

0.57 

0.54 

0.49 

0.53 

0.54 

0.57 

0.64 

Cs 

837 

(0,1,1)  - 

.023 

0.93 

0.75 

0.61 

0.61 

0.59 

0.65 

0.81 

(0,1,1) 

0 

0.93 

0.75 

0.62 

0.63 

0.62 

0.79 

0.98 

TABLE  4 

RMS  PREDICTION  ERRORS  (xIO13)  AND  FILTER  LENGTH  (DAYS)  FOR  ORDER  1  FIXED  FILTER 

LEAD  TIME  (DAYS) 


OSCILLATOR 

1 

2 

4 

8 

16 

32 

64 

Cs  346 

1.46 

1.14 

0.94 

0.77 

0.77 

0.92 

0.96 

r=8 

r=8 

r=8 

r=8 

r-16 

r=32 

r=32 

Cs  532 

1.20 

0.94 

0.75 

0.68 

0.67 

0.77 

0.83  | 

r=8 

r=8 

r-8 

r-16 

r=16 

r-32 

r=32  1 

Cs  549 

1.26 

1.04 

0.88 

0.84 

0.79 

0.67 

0.60  | 

r-8 

r-8 

r-8 

r-4 

r-64 

r-16 

r-16 

Cs  571 

0.53 

0.45 

0.40 

0.37 

0.36 

0.38 

0.49 

r=4 

r=8 

r-8 

r-8 

r-8 

r=8 

r=64 

Cs  591 

1.62 

1.25 

0.98 

0.81 

0.76 

0.77 

1.02 

r-16 

r=16 

r=16 

r-16 

r-16 

r=32 

r=64 

Cs  654 

0.72 

0.61 

0.54 

0.45 

0.60 

0.61 

0.78  | 

r=8 

r=8 

r-4 

r-4 

r-16 

r-16 

r-16  1 

Cs  660 

0.88 

0.86 

0.83 

0.85 

0.83 

0.81 

0.94 

r=2 

r-4 

r-2 

r-8 

r-4 

r=8 

r=8 

Cs  783 

0.58 

0.47 

0.43 

0.43 

0.54 

0.63 

1.10 

r=4 

r=4 

r-8 

r-8 

r=2 

r-2 

r-2 

Cs  834 

0.61 

0.57 

0.50 

0.46 

0.42 

0.46 

0.55 

r-2 

r-4 

r-4 

r-4 

r-4 

r=4 

r=4 

Cs  837 

0.96 

0.78 

0.65 

0.60 

0.69 

0.74 

1.13 

r-4 

r-8 

r-8 

r-4 

r-4 

r-16 

r-16 

TABLE  5 

RMS  PREDICTION  ERRORS  (xIO13)  AND  FILTER  LENGTH  (DAYS)  FOR  ORDER  2  FIXED  FILTER 

LEAD  TIME  (DAYS) 


OSCILLATOR 

1 

2 

4 

8 

16 

32 

64 

Cs 

346 

1.49 

1.19 

1.02 

0.90 

0.91 

1.04 

1.43 

r-32 

r-32 

r-64 

r-64 

r-64 

r-64 

r-128 

Cs 

532 

1.23 

0.98 

0.81 

0.78 

0.84 

0.92 

1.27 

r-32 

r-32 

r-32 

r-32 

r-7  28 

r-128 

r-256 

Cs 

549 

1.30 

1.07 

0.92 

0.84 

0.77 

0.74 

0.83 

r-32 

r-256 

r-256 

r-256 

r-256 

r-256 

r-256 

Cs 

571 

0.54 

0.47 

0.43 

0.42 

0.45 

0.48 

0.48 

r-32 

r-32 

r-32 

r-32 

r-32 

r-256 

r-256 

Cs 

591 

1.61 

1.2? 

0.94 

0.76 

0.71 

0.68 

0.67 

r-128 

r-128 

r-128 

r-128 

r-128 

r-128 

r-128 

Cs 

654 

0.75 

0.66 

0.61 

0.67 

0.68 

0.86 

0.82 

r-16 

r-16 

r-16 

r-64 

r-64 

r-64 

r-256 

Cs 

660 

0.99 

0.94 

0.91 

0.95 

1.11 

1.33 

1.82 

r-16 

r-32 

r-32 

r-32 

r-64 

r-64 

r-128 

Cs 

783 

0.59 

0.49 

0.44 

0.44 

0.46 

0,51 

0.82 

r-16 

r-32 

r-32 

r-64 

r-64 

r-64 

r-128 

Cs 

834 

0.64 

0,59 

0.54 

0.51 

0.54 

0.65 

0.83 

r-32 

r-32 

r-32 

r-64 

r-64 

r-64 

r-128 

Ca 

837 

0.99 

0.81 

0.68 

0.64 

0.58 

0.61 

0.65 

r-64 

r-64 

r-64 

r-128 

r-128 

r-128 

r-128 
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TABLE  6 


c„(  T) 

(xlO13)  AND 

RATIO 

OF  BEST 

ARIMA  MODEL  TO 

/2o„(t) 

T 

(DAYS) 

OSCILLATOR 

1 

2 

4 

8 

16 

32 

64 

Cs  346 

1.32 

0.98 

0.77 

0.54 

0.53 

0.61 

0.83 

1.30 

1.25 

1.18 

1.02 

1.06 

1.18 

1.30 

Cs  532 

1.09 

0.83 

0.59 

0.49 

0.48 

0.54 

0.73 

1.28 

1.25 

1.11 

1.08 

1.08 

1.16 

1.17 

Cs  549 

1.09 

0.85 

0.66 

0.61 

0.57 

0.59 

0.61 

1.24 

1.19 

1.10 

1.03 

0.97 

0.85 

0.87 

Cs  571 

0.41 

0.35 

0.30 

0.26 

0.25 

0.30 

0.28 

1.18 

1.17 

1.12 

1.08 

1.04 

1.09 

0.92 

Cs  591 

1.49 

1.11 

0.79 

0.59 

0.52 

0.47 

0.48 

1.24 

1.28 

1.18 

1.07 

1.02 

1.11 

1.51 

Cs  654 

0.58 

0.49 

0.38 

0.39 

0.39 

0.45 

0.56 

1.19 

1.17 

1.08 

1.02 

1.12 

1.02 

1.03 

Cs  660 

0.61 

0.62 

0.60 

0.61 

0.67 

0.81 

1.10 

1.07 

1.12 

1.13 

1.17 

1.14 

1.12 

1.10 

Cs  783 

0.49 

0.36 

0.31 

0.30 

0.40 

0.63 

1.10 

1.24 

1.13 

1.04 

1.03 

1.23 

1.54 

1.64 

Cs  834 

0.43 

0.41 

0.36 

0.34 

0.33 

0.39 

0.44 

1.13 

1.14 

1.16 

1.09 

1.06 

1.08 

1.11 

Cs  837 

0.79 

0.62 

0.47 

0.44 

0.42 

0.51 

0.82 

1.20 

1.17 

1.09 

1.02 

1.01 

1.11 

1.43 

For  each  clock 

,  the  first 

row  is 

and  the 

second 

row  is 

the 

ratio  of  the  best  ARIMA  model  to  V^oy(T). 
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FRACTIONAL  FREQUENCY  STABILITY 


CS  571/1C-2  VS.  A. 1  (USNO, MEAN) 


Figure  4i  Cumulative  Distribution  Function  of  32  Day  Absolute 
Prediction  Errors  for  Ce  5? 1  vs,  A.l(USKO.HEAH) 


CS  571/1C-2  VS.  A. 1  (USNO. MEAN) 


Figure  5<  Actual  and  Theoretical  Square  Root  of  Allan  Variance 
ve.  Saapllng  Time  for  Ce  571  vs,  A.l(USNO,KKAN) 
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MODELS  AND  PREDICTIONS  FOR  THE  REALIZATION  OF  TIME  SCALES 


U.  Hubner 

Physikalisch-Technische  Bundesanstalt  Braunschweig 
Federal  Republic  of  Germany 


Summary 


As  UTC(PTB)  is  a  realization  of  the  Co¬ 
ordinated  Universal  Time  UTC,  prediction 
of  the  time  differences  of  these  two  scales 
is  necessary.  This  has  been  discussed  for 
lead  times  of  30  to  70  days.  Up  to  now,  no 
physical  models  of  sufficient  accuracy 
are  available  for  the  variations  in  the 
time  differences  of  atomic  clocks.  Henc^  , 
stochastic  models  of  the  data  are  referred 
to  for  extrapolation.  With  regard  to  poly¬ 
nomials  and  specific  clock  models  (auto¬ 
regressive  processes  and  ARIMA  processes), 
the  discussion  shows  that  fitting  a  straight 
line  is  often  preferred,  rather  than  the 
more  sophisticated  models,  particularly 
for  the  case  when  there  are  few  data.  One 
needs  only  6  to  8  data  of  a  time  scale  to 
extrapolate  optimally  with  a  fitted 
straight  line. 

Most  time  scales  may  be  modelled  very 
well  (except  one  of  the  seven  well  known 
time  scales  discussed)  by  similar  ARIMA 
(0,2,2 )-processes  which  are  nonstationary 
in  second  degree  (d  =  2).  With  the  aid  of 
these  models,  extrapolation  takes  place 
by  a  straight  line  adapting  itself  con¬ 
tinuously  to  the  given  data.  Thus,  the 
excellent  extrapolation  by  fitting  a 
straight  line  is  obvious  and  not  trivial. 

The  analysis'1  of  the  control  mechanism 
for  the  realization  of  time  scales  shows 
that  a  further  point  of  view  should  be 
considered:  namely,  the  deviations  of  the 
extrapolated  values  from  the  real  values 
ought  to  be  leS3  correlated  and  should 
have  a  symmetrical  probability  density 
around  zero.  If  this  is  not  the  case, 
the  realization  will  deviate  on  an  average 
from  the  time  scale  to  be  realized. 

1.  Introduction 

The  ?hysikali3ch-Technische  Bundesanstalt 
(PTB)  generates  its  time  scale  UTC(PTB) 
from  its  atomic  time  scale  TA(PTB)  by  add¬ 
ing  suitable  corrections.  These  correc¬ 
tions  are  chosen  such  that  UTC(PTB)  dif¬ 
fers  as  little  as  possible  from  UTC  with¬ 
out  following  the  short-lasting  frequency 
fluctuations  of  UTC.  In  order  to  calculate 
the  corrections,  one  needs  the  time  dif¬ 
ferences  TA(PTB)-TAI  of  the  respective 
present  time.  PTB  receives  these  data  from 
the  "Bureau  International  de  l'Heure"  (BIH) 
with  a  delay  of  30  to  70  days.  Consequent¬ 
ly,  extrapolations  with  these  lead  times 
are  necessary.  Up  to  now  these  extrapola¬ 
tions  were  carried  out  by  fitting  a 
straight  line  to  the  last  n  s  5  time  dif¬ 
ferences  known*  .  This  paper  tries  to 
establish  particularly  suited  data  models 
for  the  time  differences,  and  to  calculate 
optimum  predicted  values  from  the  models . 


It  seems  little  expedient  to  apply  the 
physical  models  which  are  successful  in  the 
characterization  of  atomic  clocks,  such  as 
the  white  noise,  the  flicker  noise,  etc., 
to  the  time  differences  of  time  scales  as 
these  types  of  noise  represent  in  each  case 
only  individual  terms  out  of  the  serial 
development  of  the  spectral  density  of 
the  stochastic  process.  Instead,  non¬ 
stationary  models  from  the  general  class 
of  the  "autoregressive  integrated  moving 
average"  ARIMA  processes  are  treated  in¬ 
cluding  a  short  discussion  of  the  special 
case  of  the  stationary  autoregressive 
processes  as  a  model. 

2.  ARIMA  models 

ARIMA  processes  zt  are  generated  by 
filtering  a  white  noise  process  at .  The 
filtering  is  defined  by 

t  is  a  discrete  variable,  as  e.g.  the  time, 
and  B  is  the  backward  3hift  operator  with 
B.zt  s  or  B-at  *  at--»  »  P  or  q  are  the 

orders  of  the  autoregressive  or  moving  aver¬ 
age  operators.  The  parameters  (i  =  1,2, 
...,p)  and  9k  (k  =  1,2, ...,q)  as  well  as 

the  variance  of  the  white  noise  at 
represent  degrees  of  freedom  for  the 
modelling  of  a  specified  stochastic 
process.  On  the  other  hand,  the  case 
©o  ^  0  in  connection  with  the  choice 
of  a  value  for  d  produces  a  certain 
"deterministic"  trend  in  the  form  of 
a  polynomial  of  degree  d.  For  many 
applications,  the  assumption  of  a 
"stochastic  trend"  is  more  realistic 
than  the  assumption  of  a  deterministic 
trend,  since  the  stochastic  trend 
follows  a  changing  of  the  general  trend 
of  the  given  data.  Stochastic  trends 
are  defined  by  the  factor  (l-B)d  which 
means  a  polynomial  of  degree  d-1  ad¬ 
justing  continuously  to  the  given  data. 

The  pattern  of  the  time  differences 
TAI-TA(PTB)  which  are  to  be  modelled  13 
shown  in  Figure  1  for  the  period  of  the 
past  8  years.  The  time  differences  are 
given  discretely  for  periods  of  10  days 
so  that  292  data  are  available.  Now  one 
has  to  establish  one  or  more  ARIMA(p,d,q)- 
models  for  this  stochastic  process  by 
suitably  choosing  the  parameters  p,d  and 
q  and  by  adjusting  the  parameters 
$1 tt  » •  •  • ,  Of  ,  0#  and  6"a  . 


A  rough  reduction  of  multiplicity  of 
the  possible  models  is  provided  by  the 
following  consideration:  An  unambiguous 
deterministic  trend  is  not  recognizable. 


Fig.l  TAI-TA(PTB)  for  the  period  from 

1969  until  1976.  The  time  differ¬ 
ences  are  discretely  submitted 
10  days  spaced. 


Hence,  such  models  will  be  particularly 
suited  where  0O  is  dispensed  with,  that 
is  to  say,  the  models  should  be  non¬ 
stationary  (d  >0).  The  absence  of  a 
clear  deterministic  trend  is  valid  not 
only  for  the  mean  value  hut  for  the 
slope,  too.  To  reproduce  stochastic 
changes  of  the  slope,  d  «  2  has  to  be 
chosen.  Then  the  2nd  or  higher  differ¬ 
ences  of  succeeding  data  form  a  stationary 
process . 

Figure  2  includes  the  1st  and  the  2nd 
differences  of  the  given  time  differences. 
The  mean  ol  small  data  parts  of  the  1st 
differences  is  still  subject  to  random 
changes  whereas  the  2nd  differences  seem 
to  form  a  stationary  process.  Therefore 
d  =  2  will  be  sufficient. 


available  at  the  PTB  at  that  time.  Parts 
II  and  III  differ  distinctly  from  I.  The 
data  of  part  III  are  much  more  correlated 
than  those  of  II.  The  mean  of  the  1st 
differences  is  smaller  by  nearly  0.1  ps. 

This  corresponds  to  a  fractional  frequency 
change  of  TA(PTB)  against  TAI  by  about 
1  .  lO"*3  .  The  difference  is  substantial 
as  is  shown  by  the  precise  model  adjust¬ 
ment  described  below. 

Mo  explanation  could  he  found  for  this 
abrupt  change  of  the  stochastic  qualities. 

At  the  time  of  this  change  neither  modi¬ 
fications  in  generating  TA(PTB)  were  made 
in  the  PTB  nor  were  changes  observed  in 
the  behaviour  of  the  clocks.  The  reason 
can  neither  be  found  in  changes  of  the 
calculation  method  of  TAI  (e.g.  intro¬ 
duction  of  the  ALGOS  method)  because  the 
time  differences  between  other  important 
time  scales  and  TAI  do  not  show  such  a 
behaviour. 

An  important  part  in  the  reduction  of  the 
number  of  the  possible  models  is  played  by 
the  autocorrelation  function  (acf)  and 
the  partial  autocorrelation  function  (pacf) 
of  the  given  stochastic  process.  The  pacf  is 
established  by  fitting  autoregressive  pro¬ 
cesses  with  increasing  order  k  to  the  given 
process.  In  each  case,  the  last  coefficient 
of  the  fitted  autoregressive  process  equals 
the  k-th  value  of  the  pacf.  If  the  process 
is  autoregressive  of  the  order  p,  then  the 
pacf  equals  zero  for  k  >  p.  Thus  the  pacf 
serves  to  estimate  the  autoregressive 
character  of  the  process.  On  the  other 
hand,  information  can  be  obtained  from 
the  acf  concerning  the  moving  average 
character  as  well  as  a  possible  nonsta- 
tionarity  of  the  process. 


Fig.  2  1st  and  2nd  differences  of  the 

time  differences  plotted  in  Fig.l. 
Differences  are  taken  from  suc¬ 
ceeding  data.  The  data  parts  I, 

II,  III  are  to  be  represented  by 
different  stochastic  models. 

Moreover  one  recognizes  from  the  1st  and 
2nd  differences  that  the  time  differences 
obviously  belong  to  three  different  sto¬ 
chastic  processes  (parts  I,  II,  III).  The 
data  of  the  years  1969  and  1970  show 
very  high  fluctuations  which  can  be  ex¬ 
plained  by  the  small  number  of  clocks 


Fig.  3  shows  acf  and  pacf  for  the  given 
data  of  part  III  as  well  as  for  their 
1st  and  2nd  differences.  The  plotted  li¬ 
mits  L  mean  standard  deviations  of  the 
acf  and  pacf.  For  the  acf,  the  limits 
were  calculated  according  to  Bartlett's 
formula 

*frk)  «  [1  *  2 (r*  +  r*  +  ..  >r/)] ,/2/Ni/z 


s(r„)  being  the  standard  deviation  of 
rk's  of  the  acf  for  lags  k  >  q;  N  being 
the  number  of  the  data  from  which  r„  was 
calculated;  q  was  set  to  2  as  the  first 
two  values  of  the  acf  show  an  irregular 
behaviour.  The  standard  deviation  of  the 
pacf  was  estimated  according  to  Que- 
nouille's  approximation  s($kk)  «  l/N</a 
where  $kk  is  the  k-th  value  of  the  pacf. 
This  approximation  is  valid  for  k  >  p. 


The  course  of  acf  and  pacf  of  the  1st 
differences  indicates  ARIMA(1,1,2 )-  or 
ARIMA(2,l,2 ) -mode Is .  However,  a  further 
forming  of  differences  would  be  better 
because  the  acf  descends  slowly.  The  acf 
and  the  pacf  of  the  2nd  differences  then 
show  the  typical  behaviour  of  stationary 
processes.  According  to  this,  the  models 
(0,2,2),  (0,2,3)  and  (1,2,1)  seem  to  be 
suitable . 
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Autocorrelation  (rk ) 

and  partial 

autocorrelation  (4kk)  functions 
of  the  time  differences  TAI-TA 
(PTB)  of  data  part  III,  and 
their  1st  and  2nd  differences 
for  lags  up  to  k  *  15. 

The  corresponding  Figure  of  the  data 
part  II  differs  from  those  of  part  III 
particularly  in  the  1st  differences.  The 
acf  as  well  as  the  pacf  are  distinctly 
smaller  than  the  limits  L,  so  that  the 
simple  model  (0,1,0)  should  be  very 
suitable. 

The  final  adjustment  of  ‘‘be  parameters 
is  on  principle  done  by  maximization  of 
the  log  likelihood  function. 

U$,0,6a)=f($,q)  -N-tn<ra  -  ^S(i,0) 


The  ARI"*A  (p , d ,q ) -models  which  are 
possible  according  to  the  preliminary 
discussion  were  fitted  by  the  least 
squares  method.  The  results  have  been 
summarized  in  table  1  inclusive  of  the 
quantities  Q0 ,  P(Xl,v),  and  the 
uncertainties  of  the  parameters  im¬ 
portant  for  a  critical  investigation, 
x*  and  v  belong  to  the  well  known  X*- 
distribution ,  v  being  the  number  for 
the  degrees  of  freedom  of  the  model 
adjustment.  X*  is  obtained  from  the  auto¬ 
correlations  ra  of  the  residuals  at 
according  to 

x2  =  /V  f  ra20<) , 

k=1 

where  K  is  a  maximum  lag  suitably  chosen . 
v  then  follows  from  v=K-p-q-M. 

M  equals  1  or  0,  depending  on  whether 
or  not  ©0  was  taken  into  account  as  a 
parameter  during  the  minimization  of  S. 

On  the  assumption  that  the  X*-distri- 
bution  is  valid,  the  quantity  P(X2,v) 
indicates  the  probability  (in  percent) 
of  the  hypothesis  that  the  value  of  X* 
could  have  turned  out  larger  than  the 
calculated  one.  Thus  the  quantity  P 
may  be  interpreted  as  a  measure  of  the 
probability  with  which  the  just  chosen 
model  is  in  the  vicinity  of  the  ideally 
suitable  model.  The  uncertainties  of  the 
parameters  resulted  from  the  roots  of 
the  diagonal  elements  of  the  parameter 
covariance  matrix  which  is  customary  if 
one  employs  the  least  squares  method.  They 
must  be  considered  as  standard  errors. 


l(;f>  ®>6a)  may  te  interpreted  as  a  measure 
of  the  probability  with  which  a  set  of 
$  and  0  matches  the  set  z  of  the  given 
data.  The  shortened  form  4  comprises  all 
$^(i  -  l,....,p),  and  Q  comprises  all 
0k(k  =  1 , . . .  ,q ) ,  3 ($, 0)  is  the  sum 

S($,e)=  r  Otl4\0,£]2 

N-oo 

where  [at|^,g,z]  denotes  the  expectation 
of  at  conditional  on  4.  3.  and  z.  The  func¬ 
tion  f ($,©)  influences  1  only  in  the  case 
of  small  N.  For  moderate  and  large  values 
of  M,  K^.S,6®)  is  dominated  by  the  sum  S. 
Therefore  minimization  of  S  usually  pro¬ 
vides  a  very  good  maximization  of  the 
likelihood  function.  This  is  called  the 
least  squares  estimation  of  parameters 
and  was  applied  throughout  in  this  paper. 

In  lieu  of  the  zt ,  d-th  differences  w^ 
forming  a  stationary  process  are  inserted 
if  the  7.i  themselves  are  not  stationary. 

The  summation  over  t  certainly  extends 
to  -co,  but  in  practice  the  terms  converge, 
for  t  «  1 ,  rather  ranidly  against  zero, 
if  the  parameters  do  not  approach  the 
value  1  which  characterizes  nonstationary 
behaviour.  The  estimation  of  the  conditional 
expectations  t«tlS.2,i3  may  then  be  made 
iteratively.  After  minimization  of  3(4, S), 
the  residuals  at  approach  well  the  sto¬ 
chastic  characterization  "white"  and  have 
minimized  variance  5#  if  the  dimensions 
p,d,  and  q  of  the  model  are  suitably 
chosen.  The  minimization  of  3  was  per¬ 
formed  with  the  algorithm  of  '"arquardt, 
described  in  2  ,  which  is  Kased  on  a 
linearization  of  the  dependence  of  the 
at  from  4  and  g. 


Table  1  shows  that  the  parts  II  and  III 
are  stochastically  different.  While  part 

II  can  be  described  with  high  probability 
(P)  by  a  nonstationary  model  of  1st  order, 
it  proves  for  part  lit  that  d  =  1  will  bc 
completely  unsuitable.  Obviously  part  II 
can  be  described  very  well  by  models  of 
1st  and  2nd  order,  whereas  models  of  2nd 
or  3rd  order  are  suitable  for  part  III. 
Consequently  the  complete  data  set  IT  + 

III  cannot  be  represented  by  one  very 
well  fitting  model.  The  differences  be- 
'om»  also  evident  in  the  variances  <rj, 
whose  values  for  parts  II  and  III  have 
nearly  the  ratio  2:1. 

The  different  models  of  table  1  are 
partly  equivalent,  as  e.g.  autoregressive 
operators  of  the  type  (1-#P)  are  re¬ 
presented  as  an  infinite  series  on  the 
moving  average  side  of  the  recursive 
filter  equation  and  may  be  interpreted 
as  moving  average  parameters.  Tbe  same 
applies  vice  versa  for  moving  average 
operators  of  the  type  (1-0B). 

In  table  2,  optimum  estimated  ARIVa- 
modols  of  some  well  known  time  scales 
have  been  summarized.  These  models 
refer  to  the  data  part  of  the  homogenious 
stochastic  character  which  contains  in 
each  case  the  latest  data  (up  to  the  end 
of  1076  inclusive).  All  data  of  the  time 
scale  TA  ( t.'SVO )  could  be  used  because  tbe 
stochastic  character  alone  of  this  time 
scale  has  remained  unchanged  during  H 
years.  All  other  time  scales  reduced 
their  initially  strong  starting  noise 
in  the  course  of  time  to  values  of  the 
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same  order  as  TAI-TA(USNO) .  Therefore 
column  2  of  the  table  comprises  the 
amount  of  data  used  in  each  case.  Only 
36  data  of  the  time  scale  TA(NRC)  could 
be  used  as  the  1st  differences  of 
TAI-TA(NRC)  show  a  fractional  frequency 
step  of  1  .  lO-12  at  the  turn  of  the 
year  1975  to  1976. 

The  general  stochastic  structure  of 
the  time  differences  TAI-TA(i)  is  ob¬ 
viously  very  well  approximated  by  a 
(0,2,2)-model.  This  is  approximately 
valid  also  for  TAI-TA(PTB).  The  (0,2,2)- 
model  of  these  time  differences  has 
yet  a  large  value  of  probability 
P(  X*,v)  which  is  equal  to  H2% .  The 
only  exception  are  the  time  diffe¬ 
rences  TAI-TA (ON )  probably  containing 
periodic  fluctuations.  For  periodic 
processes,  one  has  to  employ  the  so- 
called  seasonal  ARIMA  models;  however, 
it  is  not  intended  to  discuss  them  in 
this  paper. 

An  interesting  conclusion  can  be 
drawn  from  the  fact  that  the  time 
differences  TAI-TA(i)  are  generally 
well  described  by  (0, 2 ,2 )-models .  The 
spectral  density  p(f)  of  the  second 
differences  considered  as  stationary 
in  this  model  can  be  calculated  direct¬ 
ly  from  their  (0,0,2 )-model . 

p  (f )  -  2  eg  [  i + ef  +  &2  -  2  e,  d -  e2)  cos  avp 

~2  02cos  (+rf)] . 

f  means  a  normalized  frequency  for  which 
0  i  f  ^  1/2  is  valid.  The  maximum  fre¬ 
quency  f  =  1/2  corresponds  to  the  (N/2)- 
fold  of  the  fundamental  frequency 
(N.lOd)-1,  N  being  the  number  of  the  given 
data,  and  10  days  (d)  the  data  spacing. 

The  second  differences  may  be  considered 
approximately  as  differentials  of  the  first 
differences.  Thus  one  obtains  the  spectral 
density  pifi/iAfl^f2)  for  the  first  differ¬ 
ences.  Writing  the  Taylor  series  for  the 
cosinus  function  (cos  x  r  1  -x*/4  !+*V4!  -  +  ...) 
proves  that  the  series  of  the  spectral 
density  for  the  first  differences  contains 
only  the  even  powers  f ~l ,  f°,  f2,  ...  of 
the  frequency.  These  powers  correspond  to 
different  noise  types  in  the  <r(r)-diagram 
which  can  be  calculated  from  the  spectral 
density  (e.g.  Barnes  3  ).  9( r)  means  the 
so-called  two  sample  variance .  It  contains 
the  terms  of  "random  walk"  (f-2),  "white 
frequency  noise"  (f°),  "white  phase  noise" 
(f1),  and  so  on,  however,  no  odd  powers 
like  the  term  in  f“*  corresponding  to  the 
flicker  noise.  Obviously  the  time  differ¬ 
ences  TAI-TA (i)  contain  few  or  no  parts 
at  all  of  the  noise  type  called  flicker 
noise  of  the  frequency. 

5.  Extrapolation 

In  the  ease  of  ARIMA  processes,  the 
optimum  prediction  is  obtained  by  cal¬ 
culating  the  expectation  of  the  requested 
quantity.  At  time  t  (origin  of  prediction), 
zt(l)  is  set  as  the  optimum  forecast  of 
the  stochastic  variable  z«  for  the  time 


t  ♦  1  ( 1  =  lead  time).  Then 

zt  (1)  =  E  [  zt,(  I  zti  zH  .•••]•  which 

means  that  z, ( 1 )  equals  the  expectation 
of  conditional  on  zt ,  zt.1  ,  ... 

which  have  already  occurred.  In  the 
following,  this  rule  is  applied  to  three 
equivalent  forms  of  ARIwA-models  (see 
remarks  at  the  end  of  chapter  2  con¬ 
cerning  the  equivalence  of  models  )  in 
order  to  get  information  on  extrapolation 
errors,  uncertainties  and  correlations . 


(a)  ztrl)  ca.-  be  interpreted 
finite  weighted  sun  of  previous 
vations  : 


M) 


rU)z  +r({)z  + 

*d  zt  2  t- 1  • 


as  an  in- 
obser- 


The  weights  and  of  the  ARIMA 

( 1 ,2 , 1 )-model  of  part  III  were  plotted 
in  Figure  b  as  examples.  The  contribution 
of  the  weights  of  previous  observations 
decreases  rapidly.  Moreover,  the  larger 
the  lead  time  1  is,  the  stronger  the 
last  known  value  of  zt  contributes  to 
zt  (1) 

— 1 2 


'f 


Fig.  9  The  weights  of  previous  data  for 
the  extrapolation  with  origin  t 
over  lead  times  of  1  (  Tf1'  ) 
or  1;  (  )  in  units  of  10  days. 

(b)  By  remodelling  zt(l)  to  the  weighted 
sum 

Zt* t  ~at*t+  V*2  at*t- 2  > 

one  obtains  from  the  expectation  of  the 
square  of  zt+/,  a  statement  on  the  uncertain¬ 
ty  of  a  prediction.  For  the  (0,2 ,2 )-model 
being  very  well  suited  for  the  time  differ¬ 
ences  TAI-TA(i),  the  so-called  variance 
function  may  be  calculated 

vw  -  «■«  + 

with  1  +  Qjand  X,  =  1  -  0^  -0*.  Then 

the  root  of  V ( 1 )  is  the  standard  deviation 
sf (1)  of  the  extrapolation  error  for  extra¬ 
polation  1  steps  ahead.  In  Figure  5, 

Sr(l)  is  plotted  as  a  function  of  1  for 
the  (0,2,2 )-models  of  the  institutes  in¬ 
dicated  in  table  2.  The  extrapolation  over 
lead  times  of  30  to  70  days  which  is  re¬ 
quired  for  the  calculation  of  UTC(PTB) 
therefore  contains  uncertainties  of  0.15 
to  0.3 f* s  in  ease  of  optimum  extrapolation. 
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This  is  about  the  order  of  magnitude  of 
the  uncertainties  caused  by  the  time  trans¬ 
mission  method  LORAN-C  in  the  time  differ¬ 
ences.  Improvement  of  the  mathematical 
extrapolation  method  thus  yields  no  further 
reduction  of  the  extrapolation  uncertainties 


Fig.  5  Standard  deviations  s E  of  the  extra¬ 
polation  error  as  a  function  of 
the  lead  time  tv  for  the  time 
differences  TAI-TA(i)  of  some 
well  known  time  scales  (i). 

(c)  The  extrapolated  value  zt(l)  is  ob¬ 
tained  in  the  simplest  way  from  the  re¬ 
cursive  definition  of  the  ARIMA-processes 
(cf.  beginning  of  chapter  2).  Accordingly, 
the  extrapolated  values  of  the  (0,2,2)-mo- 
del  result  from  the  equations 

zt(Dm  2  » 

z t(2)-Zzt(V-zt-02at  , 

zt({)=  Zzt(t-1)-ztU-*)  i  <>2  - 

F.or  the  times  t,  the  residuals  at  con¬ 
tinuously  result  from  a<  *  zt  -  zt_,(i) 

The  first  extrapolations  may  be  executed 
with  the  initial  values  a_t  =  0.  The  error 
caused  by  this  approximation  reduces  rather 
rapidly  with  increasing  time  t.  However,  in 
the  following  examples  at’s  were  employed 
which  resulted  from  the  model  adjustment 
according  to  the  least  squares  method. 
Therefore  the  examples  do  not  include  any 
initial  errors. 

In  the  cited  recursive 
form  of  the  extrapolation  process,  the 
parameter  9t  of  the  deterministic  trend 
was  set  to  zero.  On  account  of  the 
stochastic  structure  of  the  time  differ¬ 
ences,  it  is  necessary  to  dispense  with 
deterministic  trends.  Let  us  suppose 
that  only  the  data  set  of  part  II  of  the 
PTB  time  differences  is  known  whose  first 


differences  have  the  mean  value 
dz(II)  =  0,156  /*s.  Then  a  (0,l,0)-model 
which  is  very  well  suited  for  this  part 
has  Qo-  dz  =  0,156/43.  This  value 
corresponds  in  part  II  to  a  mean  determi¬ 
nistic  trend  of  the  fractional  frequency 
differences  of  0,156  /as/10  d  *  1.8  x  10"',S 
If  the  times  t  ♦  1  for  which  extra¬ 
polated  values  are  calculated,  lie  with¬ 
in  II,  then  the  deterministic  (0,1,0)- 
model  employing  Q0  -  0,156 /is  yields 
very  good  extrapolated  values.  However, 
in  197*1,  there  was  a  change  of  the  sto¬ 
chastic  character  of  the  time  differences. 
The  mean  of  the  1st  differences  now  takes 
the  value  0,056  /is  for  part  III.  The  de¬ 
terministic  (0,l,0)-model  does  not  follow 
this  change  of  the  mean  fractional  frequen¬ 
cy  difference  of  1.1  u  10-1*,  but  it  inter¬ 
prets  this  change  for  ever  as  an  extra¬ 
polation  error.  As  there  is  no  important 
physical  reason  to  assume  a  deterministic 
trend  (with  e.g.  0O  =  0.156/is),  it  would 
be  better  to  allow  only  stochastic  trends 
for  the  frequency  differences.  This  is 
achieved  by  selecting  models  with  d  3t  2. 

For  d  =  2  this  is  seen  from  the  third  of 
the  three  recursive  extrapolation  equa¬ 
tions  which  is  valid  for  1  >  2.  It  repre¬ 
sents  the  recursive  form  of  a  straight 
line  which  passes  through  zt(l)  and  zt(2). 
However,  z<(l)  and  z,(2)  have  as  contri¬ 
butory  determinants  the  observed  residuals 
a«,  a t-i,  and  so  on.  Thus  thi3  form  of 
extrapolation  adapts  the  slope  of  its  extra- 
plation  straight  line  (or  the  mean  of  its 
frequency  differences)  to  the  new  condi¬ 
tions  of  part  III. 


A  further  criterion  for  the  possibility 
to  use  a  chosen  model  for  extrapolation  is 
based  on  the  autocorrelation  function  of 
the  extrapolation  errors.  Models  which 
yield  highly  correlated  extrapolation 
errors  are  unqualified  for  extrapolation 
in  the  UTC(PTB)-calculation.  This  UTC(PTB)- 
calculation  contains  the  extrapolation 
error  as  a  correction  to  the  preceding 
UTC-UTC(PTB)  difference.  Thus,  extrapola¬ 
tion  errors  having  for  a  long  period  the 
same  sign  sum  up  to  an  increasing  value. 
This  leads  to  large  deviations  of  the 
time  differences  from  the  wanted  value 
zero.  Figure  6  comprises  the  autocorre¬ 
lation  functions  of  the  extrapolation 
errors  calculated  for  the  two  models 
(0,1,0)  and  (2,1,2)  of  the  data  part  II 
using  the  deterministic  trends  (0o^O). 
According  to  this,  the  (2,l,2)-model  com¬ 
bined  with  the  control  of  the  UTC(PTB)- 
calculation  1  is  better  suited  than  the 
(0,l,0)-model  though  the  latter  model 
realizes  the  stochastic  process  very 
well  (P(  X*,v)  *  6M  *) . 
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Fig.  6  Autocorrelation  functions  of 

extrapolation  errors  of  the  data 
part  II  for  the  time  differences 
TAI-TA ( PTB)  represented  by  the 
ARIMA-models  (0,1,0)  and  (2,1,2). 
Though  the  model  (0,1,0)  repre¬ 
sents  the  given  time  differences 
very  well  (P(X1,v)  =  64  *),  the 
model  (2,1,2)  is  better  suited 
for  the  calculation  of  UTC(PTB) 
because  of  smaller  correlations 
of  the  extrapolation  errors. 


An  interesting  conclusion  can  be  drawn 
from  the  fact  that  time  scale  differences 
are  usually  well  represented  by  (0,2,2)- 
models  for  an  optimum  extrapolation  from 
few  data  available.  Figure  7  compares 
the  empirically  estimated  standard  de¬ 
viations  s £  of  the  extrapolation  errors 
of  different  extrapolation  methods  for 
the  data  parts  II,  III,  and  II  ♦  III 
of  the  time  differences  TAI-TA(PTB) .  The 
extrapolation  was  performed  for  a  lead 
time  of  40  days  (data  spacing  1  -  40  d); 

1  =  40  d  is  typical  of  the  extrapolation 
problem  in  the  UTC( PTB)-calculation .  In 
Figure  7,  p  means  the  number  of  time 
differences  used  to  fit  the  straight 
line  or  the  parabola.  In  the  case  of  the 
merely  autoregressive  process,  p  is  its 
order. 
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Fig.  7  The  standard  deviations  of  the 

extrapolation  error  for  different 
extrapolation  methods:  method  of 
fitting  a  straight  line  (index 
"G”),  of  fitting  a  parabola  (index 
"P"),  of  fitting  autoregressive 
processes  (AR(p))  of  the  order  p, 
and  method  of  ARIMA-processes . 

Here  p  is  the  number  of  the  data 
used  for  fitting  the  straight 
line  and  the  parabola.  In  case 
of  the  method  of  the  auto¬ 
regressive  processes,  however,  p 
is  its  order.  For  comparison 
reasons,  sE  was  calculated  and 
plotted  for  the  data  parts  II, 

III,  and  II  ♦  III.  Merely  the 
autoregressive  processes  were 
fitted  only  to  the  whole  data 
set  of  II  +  III,  and  the  per¬ 
tinent  extrapolation  error  was 
calculated . 

It  turns  out  that  the  extrapolation  per¬ 
formed  by  fitting  a  straight  line  for 
p  as  6  to  8  is  practically  equivalent  to 
the  optimized  ARIMA-models.  The  reason 
is  not  trivial  and  is  based  on  the  fact 
that  the  nonstationary  process  of  the 
given  data  is  particularly  well  repre¬ 
sented  by  an  ARIMA-model  with  d  =  2.  This 
ARIMA-model  has  -  as  mentioned  above  -  a 
dominating  stochastic  trend  in  the  form 
of  a  continuously  adapting  polynomial  of 
the  degree  d  -  1  =  1,  that  is  to  say,  a 
straight  line.  Thus  the  fitted  straight 
line  extrapolates  in  a  similar  manner  as 
the  optimum  adapted  ARIMA-process .  This 
is  also  confirmed  by  the  fact  that  the 
autocorrelation  functions  of  the  extra¬ 
polation  error  practically  do  not  differ 
for  the  methods  of  a  fitted  straight  line 
and  the  (0, 2 ,2 )-model .  Consequently,  an 
optimum  extrapolation  can  in  general  be 
performed  by  the  aid  of  the  pertinent 
fitted  straight  line  if  6  to  8  time 
differences  TAI-TA(i)  are  known. 

For  a  further  comparison  of  the  extra¬ 
polation  methods,  two  additional  methods 
were  employed,  namely  the  extrapolation 
with  the  aid  of  a  fitted  parabola  and  the 
extrapolation  with  an  autoregressive 
process  fitted  to  the  given  data.  The  com¬ 
parison  shows  that  both  methods  are  obvious¬ 
ly  less  appropriate.  The  method  of  fitting 
a  parabola  yields  too  large  standard  de¬ 
viations  of  the  extrapolation  error.  The 
autoregressive  process  is  too  large-scaled 
for  application.  Moreover,  it  is  in  the 
main  only  a  special  case  of  the  ARTMA-pro- 
cesses  if  one  sets  d  =  q  *  0.  Doing  this, 
many  parameters  become  automatically 
necessary  for  adaption  purposes.  In  this 
paper,  the  necessary  number  p  of  para¬ 
meters  was  estimated  from  the  behaviour 
of  the  variance  6"i  of  the  residuals.  This 
variance  obviously  tends  towards  an  in¬ 
ferior  limit  so  that  p  i  70  was  estimated. 
The  estimation  of  such  a  large  number  of 
parameters  was  not  possible  because  of 
the  small  amount  of  data  available.  There¬ 
fore  the  estimation  had  to  be  made  according 
to  the  behaviour  of  the  autoregressive  mo¬ 
dels  up  to  the  order  p  <*  25. 
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Table  1  Comparison  of  the  parameters  of  ARIMA-models  for  the  data  parts  II,  III 
and  II  +  III  of  the  time  differences  TAI-TA ( PTB) .  p,  d  and  q  are  the 
orders  of  the  autoregressive  operators,  of  the  order  of  difference- 
formation  and  of  the  order  of  the  moving  average  operator;  £  is  the  set 
of  the  used  autoregressive  parameters;  g  is  the  set  of  the  used  moving 
average  parameters.  ®0 characterizes  a  deterministic  trend  contained  in 
the  given  data.  5"a  is  the  standard  deviation  of  the  residual  noise  at. 
?(X*,v)  was  taken  from  the  X*-distribution,  v  being  the  number  of  the 
degrees  of  freedom  of  the  used  model.  P(x*,v)  may  be  taken  as  the  pro¬ 
bability  of  how  well  the  model  represents  the  given  process. 
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Table  2  Comparison  of  the  parameters  of  the  best  suited  ARINiA-models  for  the 

time  differences  TAI-TA(i)  of  some  well  known  time  scales.  V  is  the  number 
of  the  used  data.  In  each  case,  the  latest  data  set>  of  homogenious 
character  was  taken.  Further  explanations  as  in  table  1. 
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ABSTRACT 

Systematic  errors  larger  than  10  dB  can  occur  in 
the  measurement  of  the  spectral  density  of  phase 
unless  considerable  caution  is  exercised.  Some 
potential  problems  due  to  the  shape  of  the  analyzer 
passband  and  the  Fourier  frequency  dependence  of 
mixers  are  discussed.  Three  measurement  systems  are 
analyzed  to  determine  the  conditions  under  which  they 
may  be  used  to  make  spectral  density  measurements 
with  an  accuracy  of  0.2  dB. 

INTRODUCTION 

The  systematic  errors  in  the  measurement  of  the 
spectral  density  of  phase  which  we  discuss  concern 
the  shape  of  the  analyzer  passband  and  the  Fourier 
frequency  dependence  of  double-balanced  mixers.  Both 
of  these  problems  are  well  known.  However,  careful 
calculations  and  measurements  indicate  that  in  certain 
regions  of  the  Fourier  frequency  spectrum  the  potential 
errors  are  substantially  larger  than  had  been  expected. 
With  respect  to  the  wave  analyzer  passband,  we  find 
that  errors  larger  than  10  dB  can  occur  when  making 
measurements  at  a  frequency  of  three  times  the  noise 
bandwidth  of  the  analyzer  when  the  spectral  density 
diverges  as  rapidly  as  f  .  We  therefore  present 
three  figures  which  show  the  potential  error  due  to 
the  width  and  shape  of  the  analyzer  filter  as  a 
function  of  Fourier  frequency.  Curves  are  given  for 

2,4, 6,8  and  16  pole  filters  and  for  spectral  densities 
-1  -3  -5 

which  diverge  as  f  ,  f  ,  and  f  so  that  the  region 
of  significant  error  may  be  defined  for  a  wide 
variety  of  measurement  situations. 

Measurements  have  been  made  to  characterize  the 
performance  of  double-balanced  mixers  in  detail 
because  it  has  been  found  that  the  phase  to  voltage 
conversion  sensitivity  of  these  devices  can  vary  15 
dB  over  a  Fourier  frequency  range  smaller  than  0.1% 
of  the  nominal  bandwidth.  Several  figures  are 
included  which  demonstrate  the  dependence  of  such 
mixers  on  the  input  drive  levels,  the  input  Impedances, 
and  the  output  termination.  Based  on  this  data, 
we  analyze  specific  techniques  for  obtaining  high 
accuracy  measurements.  This  discussion  stresses  wide 


applicability,  calibration  accuracy  and  convenience, 
noise  floor,  and  immunity  from  spurious  effects.  One 
technique  stands  out  from  the  remainder  because  it  is 
equal  to  or  superior  to  the  others  in  all  respects.  By 
using  the  methods  described,  we  conclude  that  convenient 
measuiements  of  spectral  density  of  phase  may  be  made 
to  an  accuracy  of  0.2  dB. 


FILTER  SHAPES 


In  order  to  actually  measure  the  spectral  density 
of  phase  one  would  need  a  delta  function  filter.  In 
this  section,  we  present  three  graphs  which  quantify 
the  errors  which  one  would  make  in  approximating  the 
delta  function  by  a  real  filter  having  a  bandpass  shape 
which  is  equivalent  to  n/2  high  pass  poles  and  an  equal 
number  of  low  pass  poles.  The  specific  function  which 
has  been  assumed  for  the  purpose  of  these  calculations 


relative  power  = 


[1  +  (6f>2)  "/2 


where  fit  is  the  frequency  difference  from  the  center  of 
the  filter.  When  defined  in  this  simple  manner,  the 
noise  bandwidth  of  the  filter  is  a  function  of  the 
number  of  poles.  The  noise  bandwidths  for  n  =  2,  4,  6, 
8  and  16  are  listed  in  table  I. 

TABLE  I 

Number  of  poles,  n  Noise  bandwidth,  Hz 

2  3.14 

4  1.57 

6  1.18 

8  0.983 

16  0.631 


The  most  common  technique  for  measuring  the  spectral 
density  of  phase  involves  applying  a  signal  voltage  and 
a  reference  voltage  to  a  double-balanced  mixer  and 
analyzing  the  mixer  output.  The  noise  voltage  measured 
at  the  IF  port  is  simply  related  to  the  phase  fluctu¬ 
ations  between  the  two  inputs  provided  they  are  very 
near  phase  quadrature  and  the  total  phase  fluctuations 
are  small  compared  to  1  radian,  if  two  oscillators  are 
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bcinq  compared,  a  loose  phase-lock  loop  is  often  used 
to  maintain  the  quadrature  condition.  However,  the 
transfer  function  of  such  a  loop  will  have  the  effect 
of  high  pass  filtering  the  phase  fluctuations  [1]. 

Even  if  a  phase-lock  loop  is  not  employed,  it  is  often 
necessary  to  high  pass  filter  the  noise  in  order  to 
obtain  sufficient  amplification  to  measure  low  noise 
levels.  Consequently  we  have  assumed,  for  the  purpose 
of  this  calculation,  that  the  spectral  density  being 
measured  varies  as: 

S  tf)  =  (1  +  (f/0.25  Hz)2rP/2. 

$ 

for  p  *  1,  3  and  5. 

Figures  1,  2  and  3  show  the  relative  error  in  esti¬ 
mating  such  a  spectral  density  with  an  n  pole  filter, 
where  n  =  2,  4,  6,  8  and  16.  The  relative  error  is 
defined  as: 

measured  value  -  S^(f) 

S.  <f) 

4> 

The  potential  errors  increase  very  rapidly  as  the 
slope  of  S^(f)  increases  and  as  f  approaches  the 
analyzer  noise  bandwidth.  For  example,  a  situation 
which  could  occur  would  be  the  measurement  of  a  high 
level  quartz  oscillator  at  1  Hz.  In  this  case  the 
spectral  density  may  vary  as  f  5.  If  one  were  to  make 
this  measurement  with  a  commercial  analyzer  having  a 
noise  bandwidth  of  1  Hz  and  an  8  pole  bandpass  filter, 
then  the  expected  error  is  15  dB  at  f  =  2  Hz.  Since  the 
error  depends  on  Fourier  frequency,  not  only  is  the 
absolute  value  of  the  measured  spectral  density  in 
error,  but  its  measured  dependence  on  frequency  is  also 
incorrect.  It  is  therefore  possible  to  draw  incorrect 
concusions  about  the  fundamental  noise  processes  which 
are  involved.  By  scaling  figures  1,  2  and  3  according 
to  the  noise  bandwidth  one  may  use  them  to  estimate  the 
minimum  frequency  at  which  S^(f)  may  be  measured  with 
less  than  a  selected  error  limit.  The  accuracy  of  this 
estimate  will  depend  on  the  deviations  from  the  assump¬ 
tions  which  have  been  described  above. 

One  can  draw  several  conclusions  about  how  to  make 
more  accurate  measurements  at  very  low  Fourier  fre¬ 
quencies.  In  the  first  place,  one  should  use  the 
narrowest  filters  with  the  steepest  skirt  functions. 
Fast  Fourier  transform  analyzers  are  now  available 
which  have  bandwidths  of  a  few  millihertz  and  corres¬ 
pondingly  steep  skirts.  In  the  second  place,  it  is 
possible  to  lessen  the  severity  of  this  problem  by 
prewhitening  the  noise.  One  straightforward  method  for 
doing  this  is  to  use  a  tight  phase-lock  loop  instead  of 
a  loose  lock  loop.  The  noise  voltage  which  one  »eas- 


relative  error  = 


ures,  inside  the  loop  bandwidth,  is  proportional  to  S  { f ) 

2  y 

and  diverges  a  factor  of  f  more  slowly  than  (f) . 

The  disadvantage  of  this  technique  is  that  the  voltage 
to  frequency  coefficient  of  the  oscillator  tuning  ele¬ 
ment  must  be  measured.  This  coefficient  may  depend  on 
Fourier  frequency  [21. 


DOUBLE-BALANCED  MIXER  PHASE  SENSITIVITY 

In  order  to  relate  the  voltage  measured  at  the 
output  of  a  mixer  to  the  spectrum  of  the  phase  noise,  it 
is  necessary  to  know  the  phase  sensitivity  of  the  mixer 
(V/rad).  Two  significant  problems  are  often  encountered 
in  its  measurement.  If  two  oscillators  are  being  com¬ 
pared,  then  the  mixer  can  be  calibrated  by  allowing  the 
oscillators  to  free  rr*'..  However,  very  stable  oscil¬ 
lators  are  often  tunable  over  only  a  few  Hz.  One  must 
answer  the  question:  How  can  the  calibration  at  low 
frequencies  be  extrapolated  to  ten  or  one-hundred  kHz? 

If  two  components  are  being  compared  using  a  phase 
bridge,  then  the  possibility  of  obtaining  a  beat  signal 
without  significantly  altering  the  measurement  condi¬ 
tions  does  not  exist.  The  calibration  is  often  per¬ 
formed  by  inserting  a  signal  from  a  second  oscillator  in 
one  side  of  the  bridge,  duplicating  as  far  as  possible 
power  level  and  impedance  conditions.  We  must  answer 
the  question:  How  sensitive  is  the  calibration  to 
changes  in  drive  level  and  driving  impedance? 

Careful  measurements  reveal  that  the  answers  to 
these  questions  are  rather  complex.  Only  under  certain 
termination  conditions  do  the  mixers  appear  broadband, 
to  100  kHz,  and  these  same  conditions  seriously  degrade 
the  noise  floor  of  the  measurement  system.  On  the  other 
hand,  when  the  noise  floor  is  optimized  by  reactively 
terminating  the  mixer,  the  bandwidth  degrades  severely 
and  it  is  necessary  to  calibrate  the  system  at  every 
frequency  for  which  phase  noise  measurements  are  desired. 
The  results  of  a  variety  of  measurements  are  presented 
in  this  section  to  demonstrate  the  dependence  of  double- 
balanced  mixers  on  drive  level,  input  impedance,  and 
output  impedance.  In  the  following  section  several 
measurement  systems  are  discussed  which  bring  these 
variables  under  control  and  permit  fast,  convenient  and 
highly  accurate  phase  noise  measurements  to  be  made  with 
double  balanced  mixers. 

The  measurement  system  which  was  used  to  charac¬ 
terize  the  double-balanced  mixer  is  shown  in  Figure  4. 

The  drive  conditions  arn  maintained  nearly  identical  at 
the  R  and  L  ports  of  the  mixer  by  the  two  isolation 

amplifiers  which  have  output  impedance  Z . .  The  mixer  is 

a 

terminated  by  an  impedance  and  iaoiated  from  the 
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other  loads  by  the  LC  filter.  The  synthesizer,  in  the 
lower  signal  path,  makes  possible  beat  frequency  measure¬ 
ments  of  the  phase  sensitivity  at  any  offset  frequency. 
The  calibrated  electronic  phase  shifter,  in  the  upper 
signal  path,  allows  direct  measurement  of  the  phase 
sensitivity  at  any  Fourier  frequency  by  the  insertion  of 
a  coherent  phase  modulation  spectrum.  It  is  described 
in  more  detail  in  the  next  section.  For  these  meas¬ 
urements,  the  delay  line  phase-shifter  is  used  to  main¬ 
tain  the  two  input  signals  to  the  mixer  in  the  quad¬ 
rature  condition.  When  using  the  same  voltmeter  for  all 
measurements,  the  two  methods  agree  to  within  0.2  dB,  so 
the  electronic  phase  shifter  was  used  for  the  mixer 
calibrations  since  it  is  significantly  easier  to  use. 

Figure  5  shows  three  sets  of  phase  sensitivity 
calibrations.  Between  the  two  curves  of  each  pair,  the 
only  change  is  the  drive  level  which  is  defined  as  the 
amount  of  power  delivered  when  the  mixer  is  replaced  by 
a  5 Oft  load.  Both  the  driving  impedance  and  the  load 
impedance  vary  between  the  sets.  These  measurements 
reconfirm  the  well-known  result  that,  independent  of 
other  conditions,  the  phase  sensitivity  depends  strongly 
on  how  much  current  the  diodes  in  the  mixer  conduct. 

The  dependence  on  drive  power  makes  it  impossible  to 
make  any  substitution  of  devices  on  the  input  of  the 
mixer  without  introducing  about  3  dB  uncertainty  in  the 
calibration  unless  some  method,  such  as  the  one  dis¬ 
cussed  later,  is  used  to  significantly  reduce  this 
dependence. 

If  the  mixer  is  terminated  at  its  X-port  I  .  a  50ft 
load,  then  the  beat  frequency  output  is  nearly  sinu¬ 
soidal.  When  a  high  impendance  termination,  for  example 
1  kft,  is  used,  the  beat  waveform  becomes  triangular  and 
when  the  appropriate  capacitive  termination  is  used  the 
waveform  is  more  nearly  square.  This  means  that  the 
slope  through  zero,  i.e.,  the  phase  sensitivity,  is 
increased  (31.  Quantitative  results  are  shown  in  Figure 
6.  It  is  seen  that  the  available  increase  in  sensi¬ 
tivity  is  more  than  10  dB.  In  addition  to  decreasing 
the  phase  sensitivity,  a  50ft  termination  increases  the 
white  noise  level.  As  a  result,  noise  floor  consider¬ 
ations  often  require  the  use  of  the  capacitive  ter¬ 
mination. 

The  trade-off  is  an  increased  variation  of  the 
calibration  with  Fourier  frequency.  The  full  extent  of 
this  dependence  is  illustrated  in  Figure  7.  when  the 
driving  impedance  is  low,  10ft,  and  the  load  capacitance 
is  0.01  UF,  the  peak-to-peak  variation  in  phase  sensi¬ 
tivity  is  only  0.4  dB,  but  in  the  case  of  the  constant 


current  drive  and  a  0.1  pF  load  the  variation  in  phase 
sensitivity  is  15  dB  over  the  1  to  100  kHz  range. 

Neither  the  phase  sensitivity  nor  its  frequency  de¬ 
pendence  remain  constant  for  even  the  smallest  changes 
in  a  measurement  system.  For  this  reason,  the  figures 
presented  here  should  be  used  only  as  a  guide.  A  care¬ 
ful  calibration  must  be  made  after  every  change  in  a 
measurement  system.  Some  ways  for  making  such  cali¬ 
brations  more  convenient  are  discussed  in  the  next 
section. 

HIGH  PRECISION  MEASUREMENT  SYSTEMS 

The  following  measurement  systems  can  be  calibrated 
to  an  accuracy  of  0.2  dB.  Differences  in  noise  per¬ 
formance,  convenience  and  means  of  calibration  are 
discussed.  Figure  8  illustrates  a  simple  test  set  for 
measuring  S^(f)  of  an  oscillator.  The  mixer  noise  is 
relatively  large  and  the  phase  sensitivity  minimum. 
However,  the  phase  sensitivity  is  flat  vs.  Fourier 
frequency.  This  system  can  be  used  for  a  wide  variety 
of  carrier  frequencies  with  a  S^(f)  noise  floor  approxi¬ 
mately  -160  dB  relative  to  1  rad^/Hz.  By  simply  measuring 
Kd,  the  phase  slope  at  the  zero  crossing,  using  a  strip 
chart  recording  or  a  scope  trace,  one  can  calibrate  the 
system  from  dc  to  100  kHz  with  an  accuracy  of  about  0.2 
dB.  Specifically: 

r  Vn(f) 

I  Kj (volts/rad) 

where  V^tf)  is  the  RMS  noise  measured  with  the  spectrum 

analyzer  at  Fourier  frequency  f  in  a  noise  bandwidth  f,  , 

h 

and  G^G^  is  the  measurement  system  gain.  It  is  imperative 
that  the  measurements  be  made  with  exactly  the  same 
cables  and  mixer  drive  levels  as  was  used  during  the 
calibration.  Simply  replacing  a  cable  can  change  the 
calibration  factor,  i.e.,  phase  sensitivity,  by  3  dB  or 
more.  Because  of  this,  this  system  is  not  very  suited 
for  measuring  noise  in  amplifiers,  etc. 

The  errors  associated  with  the  spectrum  analyzer 
bandwidth  and  skirt  selectivity  can  be  estimated  from 
Figures  1,  2  and  3,  if  the  asymptotic  form  of  the 
analyzer  filter  roll-off  is  known.  However,  to  assure 
an  accuracy  of  better  than  10  dB  for  Fourier  frequencies 
near  the  filter  noise  bandwidth,  it  is  necessary  to  map 
the  analyzer  transfer  function  carefully  and  deconvolute 
the  measured  output.  A  word  of  caution  -  spectrum 
analyzer  noise  bandwidths  may  be  as  much  as  3  dB  dif¬ 
ferent  than  advertised.  Another  common  trouble  is  due 
to  finite  dynamic  range;  often  it  is  necessary  to 
precede  the  spectrum  analyzer  with  a  filter  to  remove 
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out  of  band  noise  e.g.,  60  Hz  and  its  harmonics. 

Another  common  trouble* which  causes  a  change  in 
mixer  sensitivity,  is  phase  drift  between  the  oscil¬ 
lators  due  to  finite  gain  in  the  phase- lock  loop. 

This  is  easily  avoided  by  using  a  second  order  phase 
lock  loop  which  normally  holds  the  phase  error  to  less 
than  0.1  rad  [3].  The  phase  lock  loop  attack  time,  tv# 
is  adjusted  to  be  equal  or  greater  than  2/tt  f  where 

f  is  the  minimum  Fourier  frequency  of  interest.  For 
min 

Fourier  frequencies  below  0.1  Hz  it  is  often  neces¬ 
sary  to  measure  S  (f)  instead  of  S. (f).  This  can  be 

y  <P 

accomplished  by  using  a  tight  phase  lock  loop  with  Tv 

less  than  1/lOrr  f  where  f  is  the  highest  Fourier 
max  max 

frequency  of  interest.  In  this  case  the  mixer  output 
is  proportional  to  S^(f). 


where  is  the  voltage  to  frequency  sensitivity  in 
Hz/volt  of  the  oscillator  tuning  element,  and  v  is  the 
carrier  frequency.  If  (f)  is  varying  rapidly,  the 
tight  phase  lock  loop  method  can  be  used  to  prewhiten 
the  noise,  enabling  more  accurate  measurements. 

Figure  9  illustrates  a  more  general  measurement 
system  which  is  capable  of  measuring  (f )  of  signal 

processing  equipment  and  passive  components,  as  well  as 
oscillators.  The  calibration  procedure  is  very  simple 
and  simuataneously  calibrates  mixer  sensitivity,  amp¬ 
lifier  gain  and  spectrum  analyzer  gain.  This  system  is 
the  most  convenient  one  of  the  three  for  measuring 
Sy(f)  with  a  tight  phase- lock  loop. 

The  calibration  procedure  consists  of  driving  the 
precision  phase  shifter  with  a  reference  signal  of 
known  amplitude  from  100  Hz  to  100  kHz.  This  reference 
mixer  output  is  then  compared  to  the  measured  noise 
level.  The  calibrated  phase  shifter  and  its  cali¬ 
bration  are  discussed  below.  This  system  allows  the 
use  of  a  mixer  termination  which  maximizes  its  phase 
sensitivity  and  minimizes  the  noise.  For  a  loose 
phase-lock  system: 


where  K  is  the  RMS  phase  modulation  impressed  by  the 
phase  shifter  in  radians,  and  VR(f)  is  the  output 
reference  voltage  as  measured  on  the  spectrum  analyzer 


as  a  function  of  f.  Results  obtained  with  this  method 
and  the  beat  frequency  method  agree  to  within  0.2  dB. 

The  phase  shifter  can  be  calibrated  to  within  0-.  2  dB  at 
dc  using  a  time  interval  measurement,  e.g.,  the  dual 
mixer  time  difference  system  (2]  or  it  can  be  calibrated 
with  the  beat  frequency  method  to  the  same  accuracy. 

At  high  Fourier  frequencies,  a  storage  scope  can  be 
used  to  check  the  flatness  of  the  sensitivity.  The 
present  design,  shown  in  Figure  10,  uses  a  series  tuned 
LCR  circuit  sandwiched  between  two  high  quality  iso¬ 
lation  amplifiers  [3],  The  isolation  amplifiers 
guarantee  that  the  phase  shift  is  independent  of  input 
and/or  output  loading  conditions.  The  LCR  circuit  has 
a  Q  factor  of  about  2  and  therefore  is  very  wideband. 

The  residual  amplitude  modulation  is  typically  -60  dB 
relative  to  the  phase  modulation  of  1  x  10  ^  rad. 
Measurements  of  S^(f)  using  the  tight  phase  lock  loop 
are  calibrated  using  the  calibrated  phase  shifter  via: 


where  f,  K,  Vft(f)  and  VR(f)  have  the  previous  definitions. 

Figure  11  shows  a  measurement  system  for  S  (f) 

<i> 

which  holds  its  calibration  factor  over  a  15  dB  change 
in  input  power,  has  very  low  noise,  and  can  be  made 
very  flat  from  dc  to  100  kHz  Fourier  frequency  offset 
from  the  carrier.  This  system  is  based  on  the  use  of 
low  noise  current  coupled  pairs  as  odd-order  multipliers 
[4],  This  has  many  advantages: 

(1)  The  output  level  and  drive  impedance  is 
virtually  independent  of  input  drive  over  a 
large  range  (See  Figure  12)  with  the  consequence 
that  the  mixer  sensitivity  is  constant. 
Therefore,  only  one  calibration  is  necessary. 

(2)  The  multiplication  raises  the  input  noise  by 
n2  so  that  the  mixer  noise  and  the  following 
audio  amplifer  noise  is  less  important. 

Therefore  the  mixer  can  be  resistively  termi¬ 
nated  in  order  to  keep  it  flat  vs.  Fourier 
frequency  without  sacrificing  noise  performance. 
Both  oscillators  and  passive  components  can 

be  measured. 

(3)  One  can  freely  substitute  components  and/or 

devices  on  the  input  and  still  maintain  the 
same  system  calibration  factor  to  within  0.1 
dB,  allowing  precise  comparisons  of  the  added 
noise  of  various  system  subassemblies. 

(4)  Noise  floors  below  S^(f)  *  -180  dB  relative 
to  1  rad*/Hz  have  been  achieved  with  a  funda¬ 
mental.  carrier  frequency  of  5  MHz  and  a 

x9  commercially  available  multiplier. 

CONCLUSION 

It  has  been  shown  that  a  failure  to  take  into 
account  the  effect  of  the  analyzer  window  shape  and/or 
the  frequency  dependence  of  the  mixer  can  lead  to 
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factor  over  a  15  dB  change  in  input  power  level  and 
possesses  an  inherent  noise  floor  which  is  below  vir¬ 
tually  all  other  present  signal  processing  equipment  and 
oscillators. 
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Fig.  2 

The  relative  error  of  a  spectral  density  of  phase  measurement 
as  a  function_of  Fourier  frequency.  The  spectral  density 
varies  like  f  5  for  frequencies  above  0.25  Hz  as  shown  in  the 
upper  left  hand  corner.  The  different  curves  are  parametrized 
by  n,  the  number  of  poles  in  the  bandpass  filter. 


Fig.  1 

The  relative  error  of  a  spectral  density  of  phase  measurement 
as  a  function_of  Fourier  frequency.  The  spectral  density 
varies  like  f” 1  for  frequencies  above  0.25  Hz  as  shown  in  the 
upper  left  hand  corner.  The  different  curves  are  parametrized 
by  n,  the  number  of  poles  in  the  bandpass  filter. 
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Fig.  3 

The  relative  error  of  a  spectral  density  of  phase  measurement 
as  a  function_of  Fourier  frequency.  The  spectral  density 
varies  like  f  5  for  frequencies  above  0.25  Hz.  The  different 

curves  are  parametrized  by  n,  the  number  of  poles  in  the  Fig.  5 

bandpass  filter. 

The  double-balanced  mixer  phase  sensitivity  as  a  function 
of  Fourier  frequency  for  different  drive  levels.  Each 
pair  of  curves  represents  identical  conditions  except  for 
the  drive  level  while  input/output  conditions  vary  widely 
between  the  pairs. 


Fig.  4  Schematic  of  the  measurement  system  for  evaluating  the 

dependence  of  the  mixer  phase  sensitivity  on  drive  level, 
drive  impedance,  and  output  impedance. 
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Double-balanced  mixer  phase  sensitivity  as  a  function  of 
frequency  for  various  output  terminations.  The  curves  on 
the  left  were  obtained  with  10  mW  drive  while  those  on  the 
right  were  obtained  with  2  mW  drive.  The  data  demonstrate 
a  clear  choice  between  constant,  but  low  sensitivity  or 
much  higher,  but  frequency  dependent  sensitivity. 
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FREQUENCY  (kHz) 

Double-balanced  mixer  phase  sensitivity  as  a  function  of 
Fourier  frequency  for  different  driving  impedances.  The 
curves  on  the  left  and  right  differ  in  the  value  of  the 
mixer  output  termination.  The  frequency  dependence  of  the 
phase  sensitivity  depends  strongly  on  the  value  of  the 
termination  capacitor. 
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Fig.  8  Precision  phase  measurement  system.  Calibration  requires  an 

external  strip  chart  or  storage  scope  to  measure  the  slope  at  the 
zero  crossing.  The  accuracy  is  0.2  dB  from  dc  to  100  kHz 
Fourier  frequency  offset  from  the  carrier.  This  system  is  suitable 
only  for  oscillators.  A  wide  range  of  carrier  frequencies  can 
be  accommodated  with  the  same  measurement  system. 


CALIBRATED  PHASE  SHIFTER 
DC  -  100  kHz 


lg.  9  Precision  phase  measurement  system  featuring  self  calibration 
to  0.2  dB  accuracy  from  dc  to  100  kHz  Fourier  frequency  offset 
from  carrier.  This  system  is  suitable  for  measuring  signal 
handling  equipment  and  passive  components,  as  well  as 
oscillators.  Different  carrier  frequencies  require  a 
different  phase  shifter. 
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CALIBRATED  PHASE  SHIFTER 


Fig.  10  Isolated  phase  modulator  is  insensitive  to  input  or  output 
loading.  The  LCR  series  tuned  circuit  has  a  Q  of  about  2. 
The  phase  modulation  sensitivity  is  constant  to  n.L  dB  from 
dc  to  100  kHz. 


Fig.  11  Precision  phase  measurement  system  featuring  constant 

calibration  factor  for  a  wide  range  of  input  signal  levels 
and  Fourier  frequency.  This  system  also  features  the  lowest 
noise  floor,  about  -180  dB  relative  to  1  rad  /Hz  and  is  the 
most  suitable  for  measuring  phase  noise  of  signal  handling 
devices,  passive  components  or  oscillators.  Different 
carrier  frequencies  require  a  different  pair  of  multipliers. 
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Abstract 

Time  domain  and  frequency  domain  characteristics 
of  the  rubidium  maser  are  reported.  The  two  types  of 
measurements  are  found  to  be  in  relatively  good  agree¬ 
ment.  The  measurements  show  that  the  maser  is  one  of 
the  oscillators  with  the  highest  spectral  puritv  and 
which  consequently  has  a  very  good  short  term  stabili¬ 
ty.  The  question  of  transferring  short  term  stability 
from  a  good  oscillator  to  a  poorer  oscillator  is  exa¬ 
mined  . 

introduction 


regions  are  again  clearly  identified  and  the  behaviour 
of  the  maaers  can  be  represented  by  the  expression: 

-PS  -?  -0 7  ? 

Sy(f)  =  1.5  x  10  *  ♦  3.6  x  10 

The  first  term  represents  a  random  walk  type  of  fre¬ 
quency  instabilities  dnd  the  second  term,  a  white 
phase  noise  contribution.  These  measurements  can  be 
expressed  in  the  time  domain  through  the  usual  trans¬ 
formation  formula  (4).  This  gives: 

-12  h 

t  >  1  sec  — >  o^Cx)  -  1  x  10  t 


In  the  past  .  •  have  given  reports  on  the  cons¬ 
truction  of  a  small  rubidium  maser  (1)  as  well  as  on 
its  physical  characteristics  (2).  The  maser  itself  is 
a  unit  20  cm  in  diameter  bv  30  era  long.  Its  comrlete 
description  is  given  in  reference  (1).  Its  stability 
has  been  reported  in  the  time  domain  as  2  x  10”  x~l 
for  t  <  1  sec;  a  flicker  floor  was  obtained  at  a  level 
of  about  2  x  10  t°  for  1  sec  <  t  <  10^.  The  measu¬ 
rements  in  the  short  term  region  were  done  on  the  beat 
frequency  between  two  rubidium  masers  and  in  the  mid 
term  region  between  the  rubidium  maser  and  a  hydrogen 
maser. 


More  recently  we  have  made  measurements  on  the 
frequency  stability  of  this  type  of  maser  in  the  fre¬ 
quency  domain  and  have  related  these  measurements  to 
results  obtained  in  the  time  domain.  We  have  examined 
the  problem  of  the  transfer  of  stability  in  the  short 
term  region,  from  the  maser  to  a  quartz  oscillator  of 
poorer  stability.  This  paper  reports  some  progress  on 
both  of  these  subjects. 


Rubidium  Maser  Frequency  Stability 


A  typical  result  of  a  measurement  of  the  rubidium 
maser  stability  obtained  in  the  time  domain  is  shown 
in  fig.  1.  These  measurements  were  made  on  the  beat 
signal  between  the  compact  Rb®^  maser  described  in  re¬ 
ference  (1)  and  another  Rb°  maser  (3), the  first  maser 
being  considered  as  the  measurement  reference.  The 
results  shown  in  fig.  1  have  not  been  divided  by  >f2. 

Two  regions  are  clearly  identified.  A  region  where 
o(t)  varies  as  t"1  which  is  considered  as  due  to  white 
phase  noise.  The  source  of  this  n^ise  is  believed  to 
be  thermal  noise  added  to  the  maser  signal  by  the  re¬ 
ceiver.  In  a  second  region  o(t)  varies  as  x+*  which  re¬ 
flects  a  . andom  walk  type  of  frequency  instability. 

Here  this  instability  is  believed  to  originate  mostly 
from  the  thermal  fluctuations  of  the  maser  cavity  fre¬ 
quency  through  the  pulling  phenonemon. 


The  frequency  domain  measurements  were  done  with 
the  set  up  shown  in  fig.  2.  In  that  case  a  low  fre¬ 
quency  stable  oscillator  was  used  as  the  reference  and 
was  phase  locked  to  the  beat  signal  between  the  two  ma¬ 
sers.  The  system  could  be  operated  either  in  the  tieht 
phase  lock  mode  or  in  the  loose  phase  lock  mode.  The 
spectrum  analyser  used  was  a  Schlumberger  EMR  model  no 
1510.  The  Unit  of  resolution  of  the  system  was  about 
20  db  below  the  lowest  noise  level  measured.  The  re¬ 
sults  of  the  measurements  are  shown  in  fig.  3  as  Sy(f): 
the  spectral  density  the  fractional  frequency  instabi¬ 
lity  y,  as  a  function  of  the  Fourier  frequency.  Two 
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(random  walk  of  frequency) 
x  <  1  sec 


g  (t)  -  1.6  x  10 

y  h 


1-1 


(white  phase  noise)  where  is  the  cut  off  frequency 
of  the  filter  used  in  the  measuring  set  up.  It  was 
verified  that  most  of  the  white  phase  noise  originated 
from  additive  noise  probably  generated  in  the  receiver. 
In  fact  a  wave  analyser  connected  directly  at  the 
output  of  the  receiver  gave  a  noise  level  expressed  in 
the  same  unit  as  the  phase  spectral  density  of  S  (f) 
of  -73.5  db  relative  to  one  rad2  per  Hz.  This  corres¬ 
ponds  to  a  stabilitv  a(x)  =  8.5  x  lO-lSf^i-!  which 

is  close  to  the  results  given  above.  A  similar  measu¬ 
rement  made  on  the  output  of  a  hydrogen  maser  receiver 
equiped  with  a  pre-amplifier  at  1420  MHz  and  2  db  noise 
figure  gave  an  equivalent  whije  phase  noise  limit,  S 
of  -54  db  relative  to  one  rad  per  Hertz.  This  gives 
a  o(x)  of  3.9  x  10”13fh*x“l  in  the  short  term  region, 
consistent  with  published  results  in  such  devices. 
Thermal  noise  within  the  maser  line  width  will  also  set 
a  lower  limit  to  the  stabilitv  of  these  devices  in  the 
short  term  observation  times.  In  the  case  of  the  hy¬ 
drogen  maser  one  obtains  for  an  optimum  setting  of  all 
parameters  a(x)  «  2  x  fblle  for  the  rubidium 

maser  one  obtains  a  (t)  *  4  x  10”  x~^  (5). 

y 

Crystal  Oscillator  Phase  Locked  to  the  Maser 


The  atomic  frequency  standard  has  in  general  an 
output  frequency  which  is  not  readily  usuable.  It  is 
then  standard  practice  to  phase  lock  a  crystal  oscil¬ 
lator  at  a  standard  frequency  of,  say,  10MHz  to  the  a- 
tomic  standard.  This  is  shown  in  fig.  4  where  an  inte¬ 
grator  is  placed  in  the  feedback  loop.  At  the  condi¬ 
tion  of  critical  damping,  the  spectral  density  of  the 
phase  fluctuations  of  the  locked  crystal  oscillator  are 
given  by: 
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where  S  is  the  phase  spectral  densitv  of  the  crystal 
oscillator,  S  is  the  spectral  density  of  the  referen¬ 
ce,  is  a  Po\f/ier  frequency,  l  and  f  refer  respective¬ 
ly  to  locked  and  free  running  mode  and  t  is  a  time 
constant  defining  loosely  the  bandwidth  of  the  phase 
lock  loop.  As  shown  in  the  same  figure,  the  first 
term  acts  as  a  high  pass  filter.  In  this  wav  the  low 
frequency  fluctuations  of  the  crystal  oscillator  are 
filtered  out  or  corrected.  The  phase  stabilitv  of  the  > 
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maser  is  thus  transferred  to  the  crystal  oscillator 
for  low  Fourier  frequencies  or  In  other  words  the  long 
term  stability  of  the  maser  is  transferred  to  the 
crvstal  oscillator.  One  question  arises,  however,  re¬ 
garding  the  stability  of  the  crystal  oscillator  in  the 
short  term  region.  It  has  been  standard  practice  to 
use  crystal  oscillators  with  very  low  phase  noise  at 
high  Fourier  freauencies  and  adjust  the  bandwidth  of 
the  feedback  filter  to  a  value  tha*  optimizes  the  per¬ 
formance  of  the  wnole  frequency  standard.  The  possi¬ 
bility  of  using  low  quality  crystal  oscillators  (high 
level  of  white  phase  noise)  would  be  interesting.  In 
that  case  the  bandwidth  of  the  phase  lock  loop  would 
need  to  be  opened  in  order  for  phase  fluctuations  at 
high  Fourier  frequencies  to  be  filtered,  as  is  shown 
in  fig.  4. 

Experimental  attempts  have  been  made  in  order  to 
check  qualitatively  these  possibilities.  The  refe¬ 
rence  oscillator  was  a  good  crystal  ©Bcillator  at  5 
MHz  with  white  phase  noise  below  -130  db  relative  to 
one  rad2  per  Hertz.  The  quartz  oscillator  was  a  sim- 
pLe  device  made  of  a  quartz  crystal  at  5  MHz  coupling 
the  input  and  output  of  two  cascaded  invertors.  In 
the  present  situation  the  multiplication  factor  n  in 
equation  (1)  is  unity.  Fig.  5  gives  the  results  of 
S  in  the  case  the  bandwidth  of  the  Phase  lock  loop  f 
is  1  Hz.  The  curves  identified  as  10  pv  and  45  iiv  cor¬ 
respond  to  cases  where  the  oscillator  tuning  varactor 
was  modulated  with  a  noise  generator  such  as  to  crea¬ 
te  white  phase  noise  over  a  broad  range  of  Fourier 
frequencies.  Fig*  to  and  7  show  the  results  obtained 
when  the  bandwidth  of  the  phase  lock  loop  was  ^pened 
corresponding  to  respective  situations  where  f  - 
110  Hz  and  f*  =  276  Hz.  In  this  case  it  is  clear¬ 

ly  observed  that  part  of  the  phase  noise  is  filtered 
in  a  way  compatible  with  the  bandwidth  set  and  in  qua¬ 
litative  agreement  with  equation  1.  The  fact  that  the 
noise  at  the  mixer  does  not  drop  to  the  same  level  at 
low  frequencies  for  both  amplitudes  of  noise  applied 
to  the  crystal  oscillator  may  be  due  to  the  finite 
gain  of  the  operational  amplifier  used  in  the  filter 
of  the  phase  lock  loop.  From  these  results  it  is 
clear  that  measurements  of  the  "noisy"  quartz  oscilla¬ 
tor  stability  in  the  time  domain  would  be  improved. 
However  care  would  need  to  be  exercised  in  adjusting 
the  bandwidth  of  the  time  domain  measuring  equipment 
to  a  value  compatible  with  that  of  the  phase  lock  loop 
system.  Furthermore  the  slope  of  the  filter  used  in 
the  time  domain  measurement  would  need  to  be  at  least 
40  db  per  decade,  otherwise  noise  at  high  Fourier  fre¬ 
quencies  would  predominate  and  mask  the  improvement 
observed  at  low  Fourier  frequencies. 

Conclusion 


In  the  present  paper  we  have  reported  the  results 
of  measurements  of  frequency  stability  in  both  time 
and  frequency  domains.  We  have  found  that  the  two  ty¬ 
pes  of  measurements  are  consistent  in  the  present  case, 
and  have  identified  the  various  types  of  noise  proces¬ 
ses  contribution  to  the  instabilities  measured.  From 
these  measurements  and  past  studies  it  appears  that 
the  rubidium  maser  could  be  largely  improved  bv  con¬ 
trol  of  proper  parameters  such  as  light  shift  and  tem¬ 
perature.  These  are  believed  to  be  the  factors  affec¬ 
ting  the  medium  term  stability  through  a  random  walk 
tvpe  of  noise  process.  As  far  as  white  phase  noise  is 
concerned,  the  maser  still  appears  as  one  of  the  best 
oscillators  that  can  be  used  as  a  reference  oscillator. 

From  the  preliminary  results  on  the  phase  lock 
loop  question  it  appears  that  in  principle,  white  pha¬ 
se  noise  at  the  output  of  a  crystal  oscillator  can  be 
reduced  to  some  extent  bv  a  proper  choice  of  the  band¬ 
width  of  the  loop.  This  indicates  that  the  short  term 


stability  of  a  good  low  phase  noise  oscillator  such  as 
a  maser  could,  in  principle,  be  transferred  to  a  crys¬ 
tal  oscillator  of  poorer  short  term  stability.  However 
further  experiments  are  required  to  verify  that  the  ac¬ 
tual  technique  used  in  the  experiment  described  for 
Introducing  white  phase  noise  in  the  phase  locked  crys¬ 
tal  oscillator  is  truly  equivalent  to  the  use  of  a  poor 
crystal  oscillator  having  a  high  level  of  white  phase 
noise. 
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FIGURE  2.  System  used  to  measure  the  frequency 
stability  of  a  pair  of  rubidium  masers  in  the 
frequency  domain. 
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FIGURE  4.  Diagram  of  a  typical  phase  lock  loop  used 
to  lock  a  crystal  oscillator  to  a  maser. 
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FIGURE  5.  Spectral  density  of  phase  as  a  function 
of  the  fourier  frequency  for  e  "noisy"quartz  cry¬ 
stal  oscillator  as  measured  with  a  "loose  phase  lock 
loop". 
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FIGURE  6.  Effect  of  increasing  the  bandwidth  of  the  FIGURE  7.  Effect  of  Increasing  the  bandwidth  of  the 
phase  lock  loop  on  the  spectral  density  of  phase  of  the  phase  lock  loop  on  the  spectral  density  of  phase  of 
"noisy"  quartz  crystal  oscillator.  The  bandwidth  of  of  the  "noisy  quartz  crystal  oscillator.  The  band- 
the  servo  loop  is  110  Hz.  width  of  servo  loop  is  276  Hz. 
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Automation  of  phase  noise  measurements  has  been 
developed  with  satisfactory  results  using  two  types  of 
measurement  systems.  Measurements  are  performed  in 
the  frequency  domain  using  a  spectrum  analyzer  which 
provides  a  frequency  window  following  the  phase  or 
frequency  detector.  One  system  measures  the  combined 
phase  noise  characteristics  of  two  sources.  The  two 
source  signals  are  applied  in  quadrature  to  a  phase 
sensitive  detector  (double  balanced  mixer)  and  the 
voltage  fluctuations  analog  to  the  phase  fluctuations 
are  measured  at  the  detector  output.  One  measurement 
system  is  designed  to  measure  the  phase  noise  charac¬ 
teristics  of  a  single  oscillator.  The  single-oscil¬ 
lator  measurement  system  is  designed  using  the  delay 
line  as  an  FM  discriminator.  Voltage  fluctuations 
analog  to  frequency  fluctuations  are  measured  at  the 
detector  output. 

The  calibration  and  measurement  steps  are  con¬ 
trolled  by  a  calculator  program.  The  calibration 
sequence  requires  several  manual  operations.  The  soft¬ 
ware  program  controls  frequency  selection,  bandwidth 
settings,  settling  time,  amplitude  ranging,  measure¬ 
ments,  calculations,  graphics,  and  data  plotting. 

A  quasi-continuous  plot  of  phase  noise  is  obtained 
by  performing  measurements  at  Fourier  frequencies 
separated  by  the  IF  bandwidth  of  the  spectrum  analyzer 
used  during  the  measurement.  Plots  of  other  defined 
parameters  can  be  obtained  and  plotted  as  desired. 

Data  plots  will  be  used  to  show  the  effects  of  phase 
lock  loops,  inadequate  isolation  of  two  sources  when 
using  the  two-oscillator  technique,  and  the  limiting 
frequency  range  of  measurements  performed  using  the 
delay  line  as  an  FM  discriminator. 

High  quality  sources  can  be  measured  without 
multiplication  to  enhance  the  phase  noise  prior  to 
downconverting  and  measuring  at  baseband  frequencies. 

Measurements  can  be  extended  through  the  milli¬ 
meter  frequency  band.  The  integrated  phase  noise  can 
be  calculated  for  any  selected  range  of  Fourier  fre¬ 
quencies.  This  capability  is  being  added  to  the  pre¬ 
sent  software  program. 

Special  reference  —  Automated  Phase  Noise  Measure¬ 
ments,  The  Microwave  Journal,  Vol.  20,  No.  6,  June, 

19  77. 

Introduction 


In  this  presentation  the  Greek  letter  nu  (v)  rep¬ 
resents  frequency  for  carrier-related  measures.  Modu¬ 
lation-related  frequencies  are  designated  (f) .  If  the 
carrier  is  considered  as  dc,  the  frequencies  measured 
with  respect  to  the  carrier  are  referred  to  as  base¬ 
band,  offset  from  the  carrier,  modulation,  noise,  or 
Fourier  frequencies. 

The  term  frequency  stability  encompasses  the 
concepts  of  random  noise,  intended  and  incidental  modu¬ 
lation,  and  any  other  fluctuations  of  the  output  fre¬ 
quency  of  a  device.  In  general,  frequency  stability 
is  the  degree  to  which  an  oscillating  source  produces 
the  same  value  of  frequency  throughout  a  specified 
period  of  time. 


Long-term  stability  is  usually  expressed  in  terms 
of  parts  per  million  per  hour,  day,  week,  month  or 
year.  This  stability  represents  phenomenon  due  to  the 
aging  process  of  circuit  elements  and  of  the  material 
used  in  the  frequency  determining  element.  Short-term 
stability  relates  to  frequency  changes  of  less  than  a 
few  seconds  duration  about  the  nominal  frequency.  The 
measurement  of  frequency  stability  can  be  accomplished 
in  both  the  time  domain  and  frequency  domain.  In  the 
frequency  domain,  measurements  are  performed  using  a 
spectrum  analyzer  which  provides  a  frequency  wlndrw 
following  the  detector.  In  the  time  domain,  measure¬ 
ments  are  performed  with  a  gated  counter  which  provides 
a  time  window  following  the  detector. 

Phase  noise  is  the  term  most  widely  used  to  des¬ 
cribe  the  characteristic  randomness  of  frequency.  The 
term  spectral  purity  refers  to  the  signal  power  to 
phase  noise  sideband  power  ratio.  Spurious  signals  are 
outputs  in  the  spectrum  of  a  source  that  are  neither 
part  of  the  carrier  nor  its  harmonics,  and  they  may  be 
discrete  frequencies  or  bands  of  frequencies.  The 
spectral  content  of  the  noise  modulating  signals  Is 
finite  in  bandwidth  and  does  not  have  the  same  band¬ 
width  and  same  amplitude  at  all  frequencies  as  one 
finds  with  white  noise. 

Practical  oscillators  demonstrate  noise  which  appears 
to  be  a  combination  of  casually  generated  signals  and 
random,  non-deterministic  noises.  The  random  noises 
include  thermal  noise,  shot  noise,  noises  of  undeter¬ 
mined  origin  (such  as  flicker  noise),  and  integrals  of 
those  noises.  The  end  result  is  time  dependent  phase 
and  amplitude  fluctuations. 


General  Theory  and  Definitions 


The  Instantaneous  output  voltage  V ( t )  of  a  signal 
generator  or  oscillator  may  be  written  as 


V ( t )  -  [V  +  c(t)]  sin  [2tiv  t  +  8(t)]  (1) 

o  o 


where  VD  and  v0  are  the  nominal  amplitude  and  frequency 
respectively  and  eft)  and  ♦ ( t )  are  the  Instantaneous 
amplitude  and  phase  fluctuations  of  the  signal.  The 
definition  of  instantaneous  fractional  frequency  de¬ 
viation  y(t)  is  based  on  the  provision  that  e(t)  and 
d$/dt  are  sufficiently  small  for  all  time  t.  8(t)  is 
a  varying  real  function  of  time,  representing  angle 
modulation,  i.e.,  frequency  and  phase  fluctuation. 

Frequency  fluctuations  (6v)  are  related  to  phase 
fluctuations  (68)  hy 


6v  =  6ft/2n  -  l/2n  d(<5*)/dt  (2) 


i.e.,  angular  frequency  deviation  6ft  is  equal  to  the 
rate  of  change  of  phase  deviation  (the  first  time 
derivative  of  the  instantaneous  phase  deviation). 

y  is  defined  as  the  fractional  frequency  fluc¬ 
tuation  or  normalized  frequency  deviation.  It  is  the 
value  of  6v  normalized  to  the  average  (nominal)  signal 
frequency  v0. 

y  S  6v/vq  [dimensionless]  (3) 
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y(t>  is  the  Instantaneous  fractional  frequency  devia¬ 
tion  from  the  nominal  frequency  vq. 

A  representation  of  fluctuations  in  the  frequency 
domain  is  a  graph  called  spectral  density.  Spectral 
density  is  the  distribution  of  variance  versus  freq¬ 
uency  . 

The  spectral  density  Sy(f)  of  the  instantaneous 
fractional  frequency  fluctuations  y(t)  is  defined  as 
a  measure  of  frequency  stability!. 

Sy(f)  is  the  one-sided  spectral  density  of  frac¬ 
tional  frequency  fluctuations  on  a  "per  hertz"  basis; 
the  dimensionality  is  Hz~l. 

yf)  ■  s«v(f)/vo2  [Hz~1]  (4) 

Sjy(f),  in  Hz^/Hz,  is  the  one-sided  spectral 
density  of  frequency  fluctuations  Sv.  It  is  calcu¬ 
lated  as  (dvriIls)2/(Bandwidth  used  in  the  measurement 
of  Svrms )  • 

The  spectral  density  of  phase  fluctuations  is  a 
frequency  domain  measure  of  phase  fluctuations  defined 
as  follows: 

S5l>(f),  in  rad^/Hz,  is  the  one-sided  spectral 
distribution  of  the  phase  fluctuations  on  a  "per  hertz" 
basis.  It  is  calculated  as 

(«9_.)2  2 

“  Bandwidth  used  to’meas.  8*^  ^rad  ^ 

The  phase  and  fractional  frequency  fluctuation  spectral 
densities  are  related  by: 

s4#(f)  -  (vQ2/f2)  s  (f)  [rad2/Hz]  (6) 

2 

Sjn(f),  in  (rad/s)  /Hz,  is  the  spectral  density  of 
angular  frequency  fluctuations  SO-.  The  defined  spec¬ 
tral  densities  have  the  following  interconnecting 
relationships. 

s«v(£)  -  vo2  yf)  ■  <i/2*)2 

-  f2  Sa#ff)  [Hz2/Hz]  (7) 

and 

Vf>  =  SSv(f^OZ  -  {1/2z)2(1/v0)2  Ss„(f) 

-  — 2  S6a(f)  [Hz'1]  (8) 

A  useful  measure  of  frequency  stability  relates 
the  sideband  power  associated  with  phase  fluctuations 
to  the  carrier  power  level.  The  defined  measurand  is 
called  Script  JX f) .  <sd(f)  is  defined  as  the  ratio 
of  the  power  in  one  sideband,  referred  to  the  input 
carrier  frequency,  on  a  per  hertz  of  bandwidth 
spectral  density  basis,  to  the  total  signal  power, 
at  Fourier  frequency  f  from  the  carrier,  per  one 
device2.  It  is  a  normalized  frequency  domain  measure 
of  phase  fluctuation  sideband  power. 

/(f)  S  [Hz'1]  (9) 

Power  Density  (one  phase  modulation  sideband) 

Carrier  Power 

For  the  condition  that  the  phase  fluctuations  occurlng 
at  rates  f  and  faster  are  small  compared  to  one  radian, 
a  good  approximation  is2 

sy  one  device  “  <2  ^2)/(f)  [rad2/Hz](lO) 


If  the  small  angle  condition  is  not  met,  Bessel 
function  algebra  must  be  used  to  relate  S^(f)  to  j£f) . 

Script  j£( f)  often  is  expressed  in  decibels  re¬ 
lative  to  the  carrier  per  hertz  (dBc/Hz)  which  is 
calculated  as 

/(f)  «  10  log f~ [dBc/Hz]  (11) 

L  2  ra<r  J 


It  is  very  important  to  note  that  the  theory, 
definitions  and  equations  given  above  relate  to  the 
noise  of  a  single  device. 

Noise  Processes 

The  spectral  density  plot  of  a  typical  oscil¬ 
lator's  output  is  usually  a  combination  of  different 
noise  processes.  It  is  very  useful  and  meaningful 
to  categorize  these  processes  since  the  first  job  in 
evaluating  a  spectral  density  plot  is  to  determine 
which  type  of  noise  exists  for  the  particular  range 
of  Fourier  frequencies.  The  two  basic  categories  of 
noise  are  the  discrete  frequency  noise  and  the  power- 
law  noise  process. 

Discrete  frequency  noise  is  a  type  of  noise  in 
which  there  is  a  dominant  observable  probability  i.e., 
deterministic  in  that  they  can  usually  be  related  to 
the  mean  frequency,  power  line  frequency,  vibration 
frequencies  or  AC  magnetic  fields,  or  Fourier  compo¬ 
nents  of  the  nominal  frequency.  These  frequencies 
can  have  their  own  spectral  density  plots  which  can 
be  defined  as  noise  on  noise. 

Power-law  noise  process  -  Types  of  noise  which 
produce  a  certain  slope  on  the  one  sided  spectral 
density  plot.  They  are  characterized  by  their  depen¬ 
dence  on  frequency.  The  spectral  density  plot  of  a 
typical  oscillator  output  is  usually  a  combination  of 
the  different  power-law  processes.  In  general,  we  can 
classify  the  power-law  processes  into  five  categories. 
These  five  processes  are  illustrated  in  Figure  1  which 
can  be  referred  to  with  respect  to  the  following  des¬ 
cription  of  each  process2. 

Random  Walk  FM  -  (random  walk  of  frequency)  -  The 
plot  goes  down  as  1/f*.  This  noise  is  usually very 
close  to  the  carrier  and  is  difficult  to  measure.  It 
is  usually  related  to  the  oscillator's  physical  envi¬ 
ronment  (mechanical  shock,  vibration,  temperature ,  or 
other  environmental  effects) . 

Flicker  FM  -  (flicker  of  frequency  )  -  The  plot 
goes  down  as  1/f-*.  This  noise  is  typically  related  to 
the  physical  resonance  mechanism  of  the  active  oscil¬ 
lator  or  che  design  or  choice  of  parts  used  for  the* 
electronics  or  power  supply,  or  even  environmental 
properties.  The  time  domain  frequency  stability  over 
extended  periods  is  constant.  In  high  quality  oscil¬ 
lators  this  noise  may  be  masked  by  white  FM  (1/f2)  or 
flicker  phase  modulation  dM  (1/f).  It  may  be  masked 
by  drift  in  low  quality  oscillators. 

White  FM  -  (white  of  frequency)  -  Random  Walk  of 
Phase--  Plot  goes  down  as  1/f2.  A  cotnon  type  of 
noise  found  in  passive-resonator  frequency  standards. 
Cesium  and  Rubidium  frequency  standards  have  white  FM 
noise  characteristics  since  the  oscillator  (usually 
quartz)  is  locked  to  the  resonance  feature  of  these 
devices.  This  noise  gets  better  as  a  function  of  time 
until  it  (usually)  becomes  flicker  FM  (l/f3)  noise. 
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Flicker  6M  -  (flicker  (modulation)  of  phase)  - 
The  plot  goes  down  as  1/f.  This  noise  nay  relate  to 
the  physical  resonance  mechanism  In  an  oscillator.  It 
Is  common  in  the  highest  quality  oscillators.  This 
noise  can  be  Introduced  by  noisy  electronics  ,  amp¬ 
lifiers  necessary  to  bring  the  signal  amplitude  up  to 
a  usable  level,  and  frequency  multipliers.  This  noise 
can  be  reduced  by  careful  design  and  hand-selecting 
all  components. 

White  ♦M  -  (white  of  phase)  -  White  phase  noise 
plot  Is  flat  f°.  Broadband  phase  noise  is  generally 
produced  In  the  same  way  as  flicker  4M  (1/f).  Late 
stages  of  amplification  are  usually  responsible.  This 
noise  can  be  kept  low  by  careful  selection  of  compo¬ 
nents  and  narrow  band  filtering  at  the  output. 

The  Interconnecting  relationships  of  modulation 
Index,  nos  frequency  deviation,  peak  frequency  de¬ 
viation,  and  spectral  density  of  phase  fluctuations 
are  shown  In  Figure  1.  These  relationships  are 
derived  In  Appendix  A. 

Basic  Two-Oscillator  Technique 

A  functional  block  diagram  of  the  measurement 
system  employing  two  oscillators  is  shown  in  Figure  2. 
NBS  has  performed  phase  noise  measurements  using  this 
basic  type  system  since  1967. 

Assume  that  the  reference  oscillator  is  perfect 
(no  phase  noise)  and  that  It  can  be  adjusted  in  fre¬ 
quency.  Also,  assume  that  both  oscillators  are  ex¬ 
tremely  stable  so  that  phase  quadrature  can  be  main¬ 
tained  without  the  use  of  a  phase-lock  loop. 

The  double  balanced  mixer  acts  as  a  phase-sensi¬ 
tive  detector  so  that  when  two  signals  are  identical 
In  frequency  and  nominally  are  in  phase  quadrature, 
the  mixer  output  is  a  small  fluctuating  voltage  6v 
centered  on  approximately  re ra  volts.  This  small  fluc¬ 
tuating  voltage  represents  the  phase  modulation  PM 
Sideband  components  of  the  signal. 

If  the  two  oscillator  signals  applied  to  the  mixer 
of  Figure  2  are  slightly  out  of  zero  beat,  a  slow  sinu¬ 
soidal  voltage  with  a  peak-to-peak  voltage  of  V_t  can 
be  measured  at  the  mixer  output.  Under  the  conditions 
for  which  Equation  (10)  is  valid,  the  ralatlonship 
between  mean-square  fluctuations  of  phase  6$  and 
voltage  4v  interpreted  in  a  spectral  density  fashion 
has  been  shown  to  be* 

Wf)  ■  S4v(f)/2(Vrms)2  [rad2/Hz]  (12) 

Here,  S$v(f),  in  volts  squared  per  hertz,  is  the 
spectral  density  of  the  voltage  fluctuations  at  the 
mixer  output.  Since  the  spectrum  analyzer  measures 
rms  voltage  in  a  bandwidth  B ,  the  analyzer  reading  is 
in  units  of  volts  per  /Bandwidth.  Therefore, 

,  («V,)2  , 

Vf)  =  ^Vnr.s//5;I - T5-  [VZ/Hz]  (13) 


where  B  is  the  noise  power  bandwidth  used  in  the 
measurement. 


Since  it  was  assumed  that  the  reference  oscil¬ 
lator  did  not  contribute  any  phase  noise,  the  voltage 
fluctuations  (SvJrms  represent  the  oscillator  under 
test  and  the  spectral  density  of  the  phase  fluctuations 
in  terms  of  the  voltage  measurements  performed  with 
the  spectrum  analyzer  is  2 

i  <«''  J 


V°  *  2 


b(v_„  y 


[rad  /Hz]  (14) 


Equation  12  is  sometimes  expressed  as 

Wf)  '  S4v(£)/k2  [rad2/Hz]  (15) 

where  K  is  the  calibration  factor  in  volts  per  radian. 

For  sinusoidal  beat  signals,  the  peak  voltage  of 
the  signal  equals  the  slope  of  the  zero  crossings  in 
volts  per  radian.  Therefore,  (Vpeafc)2  -  2(Vrms)2, 
which  is  the  same  as  the  denominator  in  Equation  12. 

S$^(f)  can  be  expressed  in  terms  of  decibels  rela¬ 
tive  to  one  square  radian  per  hertz  by  calculating  10 
log  S6*(f)  of  the  previous  equation. 

2 

S^(f)  in  decibels  relative  to  1  rad  /Hz  ■ 

[20  log  [(Sv)^]  -  20  log(Vr]n8) 

-  10  log(B)  -  3  dB]  [dB(rad2/Hz](16) 

A  correction  of  +2.5  dB  to  the  (6v)rms  term  is 
required  for  the  Tracking  Spectrum  Analyzer  used  in 
these  measurement  systems.  See  HP  Application  Note 
207 . 3 

JX f)  can  be  expressed  in  terms  of  decibels  re¬ 
lative  to  the  carrier  power  per  hertz  (dBc/Hz), 

JZ( f)  in  decibels  relative  to  1  Hz  ^  ■ 

[20  log  [(4v)  ]  -  20  log(V  ) 

rms  rms 

-  10  log  (B)  -  6  dB]  [dBc/Hz]  (17) 

The  -6  dB  correction  occurs  because  the  operation 
of  the  mixer,  when  it  is  driven  at  quadrature,  is  such 
that  the  amplitudes  of  the  two  phase  sidebands  add 
linearly  in  the  output  of  the  mixer.  This  results  in 
four  times  as  much  power  in  the  output  as  would  be 
present  if  only  one  of  the  phase  sidebands  were  allowed 
to  contribute  to  the  output  of  the  mixer. 

Spectrum  analyzer  corrections  must  also  b  added 
to  this  equation. 


Two  Noisy  Oscillators 


The  measurement  system  of  Figure  2  yields  the  out¬ 
put  noise  from  both  oscillators.  If  the  reference 
oscillator  is  superior  in  performance  as  assumed  in  the 
previous  discussions,  then  one  obtains  a  direct  measure 
of  the  noise  characteristics  of  the  oscillator  under 
test. 


If  the  reference  and  test  oscillators  are  the  same 
type,  a  useful  approximation  is  to  assume  that  the 
measured  noise  power  is  twice  that  which  is  associated 
with  one  noisy  oscillator.  This  approximation  is  in 
error  by  no  more  than  3  dB  for  the  noisier  oscillator 
even  if  one  oscillator  is  the  major  source  of  -  ise. 

The  equation  for  the  spectral  density  of  measured 
phase  fluctuations  is 


Vf) 


#1 


+  Vf> 


two  devices 


I  #2 


2(V  )< 

rms 


=  2  S  (f)  [rad2/Hz]  (18) 

*  one  device 


The  measured  value  is  therefore  divided  by  two  in 
order  to  obtain  the  value  for  the  single  oscillator.  A 
determination  f  the  noise  of  each  oscillator  can  be 
made  if  one  has  three  oscillators  that  can  be  measured 
In  all  pair  combinations. 
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Spectral  Penalty  of  AgUtate  Fluctuations 

The  spectral  density  (Sgt(f))  of  the  aaplltude 
fluctuations  of  s  slgnsl  follows  the  same  general  de¬ 
rivation  previously  given  for  the  spectral  density  of 
phase  fluctuations!. 

When  two  signals  are  slightly  different  in  fre¬ 
quency  ,  a  slow,  almost  sinusoidal  beat  Is  produced  at 
the  mixer  output  and  the  peafc-to-peak  voltage  swing  is 
defined  as  (Vp£p) . 

If  the  two  signals  are  now  tuned  to  collnear 
phase  (0  or  180°  phase  angle  difference),  the  nlxer 
output  is  a  fluctuating  voltage  centered  on  Vp£p/2 
volts.  There  Is  no  requlrenent  that  the  output  fluc¬ 
tuations  be  snail  compared  to  Vptp/2.  In  order  to 
obtain  linearity  In  the  measurements  of  AM,  and  to 
make  the  measurement  sensitive  to  the  test  oscillator 
only,  the  reference  signal  Into  the  balanced  mixer 
should  be  at  least  10  dB  greater  than  the  test  oscil¬ 
lator  signal  Input  to  the  mixers. 

The  normalized  frequency  domain  measure  of  frac¬ 
tional  amplitude  fluctuation  sidebands  of  a  signal  is 
called  Script  Hr(f ) .  It  Is  defined  to  be  the  ratio 
of  the  spectral  density  of  one  amplitude  modulation 
sideband  to  the  total  signal  power,  at  Fourier  fre¬ 
quency  difference  f  from  the  signal's  average  frequency 
v0,  for  a  single  specified  signal  or  device.  The 
dimensionality  is  per  hertz.  Because  here  f  Is  a 
frequency  difference,  the  range  of  f  Is  from  minus  vQ 
to  plus  Infinity.  Script  j£f)  and  Script  TlKf)  are 
similar  functions;  the  former  la  a  measure  of  phase 
modulation  (PM)  sidebands,  the  latter  Is  a  corres¬ 
ponding  measure  of  amplitude  modulation  (AM)  sidebands. 
We  introduce  the  symbol  Script  fytff)  in  order  to  have 
useful  terminology  for  the  Important  concept  of  nor¬ 
malized  AM  sideband  power. 

For  the  types  of  signals  under  consideration,  by 
definition  the  two  amplitude  fluctuation  sidebands 
(lower  sideband  and  upper  sideband,  at  -f  and  +f  from 
v0,  respectively)  of  a  signal  are  coherent  with  ;ach 
other.  They  are  of  equal  Intensity  also.  The  opera¬ 
tion  of  the  mixer  when  it  is  driven  at  collnear  phase 
Is  such  that  the  amplitudes  of  the  two  AM  sidebands 
add  linearly  In  the  output  of  the  mixer,  resulting  in 
four  times  as  much  power  In  the  output  as  would  be 
present  if  only  one  of  the  AH  sidebands  were  allowed 
to  contribute  to  the  output  of  the  mixer.  It  has  been 
shown  that  W(f)  Is  related  to  the  spectral  density  of 
the  amplitude  fluctuations  Sjc(f)  by^ 

*Vn(f)  -  (l/2Vo2)  S{c(f)  (19) 

where  VQ  Is  the  average  (nominal)  amplitude  also  of 
the  signal. 

'YFttf)  -  2(4v  (one  unlt)/V  „  )2  «  S,„(f)/4  V 2  (20) 

ptp  ov  rms 

Automated  Phase  Noise  Measurement  System 

The  TRW  Metrology  automated  phase  noise  measure¬ 
ment  system  is  shown  in  Figure  3.  It  is  program  con¬ 
trolled  by  the  Hewlett-Packard  9830  Prograamable  Cal¬ 
culator.  Each  step  of  the  calibration  and  measurement 
sequence  Is  Included  in  the  program.  The  software 
program  controls  frequency  selection,  bandwidth  set¬ 
tings,  settling  time,  amplitude  ranging,  measurements, 
calculations,  graphics,  and  data  plotting.  The  system 
will  be  described  as  It  Is  used  to  obtain  a  direct 
plot  of  Script  Jj(f) .  The  direct  measurement  of  JZ(f) 
is  represented  by  the  following  equation. 


jt(f)  In  decibels  relative  to  1  Hz"1  - 

(Noise  Power  Level) /(Carrier  Power  Level)  In  dB 

-6  dB  +  2.5  dB  -  10  log(B)  -  3  dB  [dBc/Hz]  (21) 

The  noise  power  Is  measured  relative  to  the  carrier 
power  level  and  the  remaining  terms  of  the  equation 
represent  corrections  that  must  be  applied  due  to  the 
type  measurement  and  the  characteristics  of  the  meas¬ 
urement  equipment  as  follows. 

o  The  basic  measurement  of  noise  sidebands  with  the 
signals  In  phase  quadrature  requires  the  -6  dB  cor¬ 
rection  as  explained  after  Equation  (17) . 

o  The  nonlinearity  of  the  spectrum  analyzer  logarith¬ 
mic  IF  amplifier  results  in  compression  of  the  noise 
peaks  which,  when  average  detected,  require  the 
4-2.5  dB  correction  for  the  HP  3571A  Tracking  Spec¬ 
trum  Analyzer. 

o  The  bandwidth  correction  Is  required  because  the 
spectrum  analyzer  measurements  of  random  noise  are 
a  function  of  the  particular  bandwidth  used  in  the 
measurement . 

o  The  -3  dB  correction  la  required  since  this  la  a 
measurement  of  jC( f)  using  two  oscillators,  assuming 
that  the  oscillators  are  of  a  similar  type  and  that 
the  noise  contribution  Is  the  same  for  each  oscil¬ 
lator.  If  one  oscillator  Is  sufflcleitly  superior 
to  the  other,  this  correction  Is  not  used. 

The  Calibration  and  Measurement  Sequence 

The  mixer  is  driven  with  the  maximum  power  that 
will  result  In  a  50  ohm  output  Impedance  of  the  mixer. 
We  used  equal  power  Inputs  to  the  mixer  when  maximum 
noise  floor  was  required.  However,  most  sources  were 
measured  with  a  reference  power  of  about  12  mw  and  a 
signal  power  level  between  1  and  3  mw. 

1.  Measure  the  noise  power  bandwidth  for  each  IF 
bandwidth  setting  on  the  Tracking  Spectrum 
Analyzer. 

2.  Obtain  a  carrier  power  reference  level  (referenced 
to  the  output  of  the  mixer) . 

3.  Adjust  for  phase  quadrature  of  the  two  signals 
applied  to  the  mixer. 

4.  Noise  power  Is  measured  at  the  selected  Fourier 
frequencies,  the  calculations  are  performed,  and  the 
data  is  plotted  (or  stored)  using  calculator  and 
program  control  (fully  automated). 

5 .  Measure  and  plot  the  system  noise  floor  characteris¬ 
tics  If  desired. 

Measurement  of  Noise  Power  Bandwidth  -  The  precise 
IF  noise  power  bandwidth  of  the  Tracking  Spectrum  Ana¬ 
lyzer  must  be  known  when  performing  phase  noise  mea¬ 
surements.  The  basic  automated  measurement  is  as 
follows ; 

a)  A  tee  junction  Is  Inserted  at  the  HP  3330B  synthe¬ 
sizer  1-Hiz  output  and  the  1-MHz  signal  Is  applied 
to  the  Input  of  the  HP  3571A  Tracking  Spectrum 
Analyzer, 

b)  The  calculator  controls  the  synthesizer  for  the  de¬ 
sired  Incremental  changes  In  frequency.  The  power 
output  Is  recorded  for  each  frequency  setting  over 
the  range  Indicated  In  Figure  4.  The  range  of 
measurements  Is  Illustrated  for  equal  dB  values  on 
each  side  of  the  1-MHz  center  frequency.  One  should 
choose  points  greater  than  40  dB  below  the  carrier. 
We  use  100  increments  in  frequency.  Our  experience 
has  Indicated  that  the  40  dB  level  and  the  100 
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Increments  in  frequency  are  not  the  absolute  mini¬ 
mum  permissible  values. 

c)  The  above  recorded  data  is  plotted  for  each  IF  band¬ 
width  as  illustrated  in  Figure  4.  The  noiae  power 
bandwidth  is  calculated  aa, 


Noise  bandwidth 


(P1  *  P2  *  P3  4  — P100)flf 

Peak  Power  Reading  [Hz]  (22) 


The  phase-lock  loop  is  an  electronic  servomechanism 
that  acts  to  null  out  any  phase  error  between  the 
two  Inputs  to  the  mixer  (phase  detector) ,  The 
time  constant  of  the  loop  can  be  adjusted  as  needed 
by  varying  amplifier  gain  and  RC  filtering  within 
the  loop. 

A  loose  phase-lock  loop  is  characterized  by! 


where  Af  is  the  frequency  Increment  (Hz)  and  the  peak 
power  is  the  maximum  measured  point  obtained  during 
the  measurements.  All  power  values  are  in  watts. 

Setting  Carrier  Power  Reference  Level  -  Essen¬ 
tially,  the  carrier  reference  power  level  is  estab¬ 
lished  at  the  output  of  the  low-pass  filter  in  Figure  3 
as  follows : 

a)  The  precision  IF  step  attenuator  is  set  to  a  high 
value  to  prevent  overloading  the  spectrum  analyzer 
(assume  50  dB  as  our  example). 

b)  Approximately  equal  power  is  applied  to  the  Inputs 
of  the  mixer  as  required  to  obtain  the  SO  ohm  out¬ 
put  impedance  of  the  mixer  in  our  50  ohm  system. 
Special  techniques  are  required  to  obtain  the  cor¬ 
rect  Impedance  when  lower  impedance  is  Involved. 

c)  If  the  frequency  of  one  of  the  oscillators  can  be 
adjusted,  adjust  its  frequency  for  an  IF  output 
frequency  in  the  range  of  10  to  20  kHz . 

If  neither  oscillator  is  adjustable,  replace  the 
oscillator  under  test  with  one  that  can  be  adjusted 
as  required  and  that  can  be  set  to  the  Identical 
power  level  of  the  oscillator  under  test. 

d)  The  resulting  IF  power  level  is  measured  by  the 
spectrum  analyzer  and  the  measured  value  is  cor¬ 
rected  for  the  attenuator  setting  which  was  assumed 
to  be  50  dB.  The  correction  is  necessary  since 
this  attenuator  will  be  set  to  its  Zero  dB  indica¬ 
tion  during  the  measurements  of  noise  power.  Assu¬ 
ming  a  spectrum  analyzer  reading  of  -40  dBm,  the 
carrier  power  reference  level  is  calculated  as. 

Carrier  reference  power  level  » 

50  dB  -  40  dBm  -  10  dBm  (23) 

Phase  Quadrature  Adjustment  -  After  the  carrier 
power  reference  has  been  established,  the  oscillator 
under  test  and  the  reference  oscillator  are  tuned  to 
the  same  frequency  and  the  original  reference  levels 
that  were  used  during  calibration  are  re-established. 
The  quadrature  adjustment  depends  upon  the  type  of 
system  used.  Three  possibilities  are  illustrated  in 
Figure  3. 

a)  If  the  oscillators  are  very  stable,  have  high  re¬ 
solution  tuning,  and  are  not  phase-locked,  the 
frequency  of  one  oscillator  is  adjusted  for  zero  dc 
voltage  output  of  the  mixer  as  Indicated  by  the 
sensitive  oscilloscope. 

b)  If  the  comaon  reference  frequency  is  used,  as  illus¬ 
trated  in  Figure  3,  then  it  is  necessary  to  Include 
a  phase  shifter  in  the  line  between  one  of  the 
oscillators  and  the  mixer  (preferably  between  the 
attenuator  and  mixer).  The  phase  shifter  is  adjus¬ 
ted  to  obtain  zero  dc  output  of  the  mixer. 

c)  If  one  oscillator  is  phase-locked  using  a  phase- 
lock  loop  as  shown  dotted  in  on  Figure  3,  the  fre¬ 
quency  of  the  unit  under  test  is  adjusted  for  zero 
dc  output  of  the  mixer  as  indicated  on  the  oscil¬ 
loscope. 


o  The  correction  voltage  varies  as  phase  (in  the 
short  term)  and  phase  variations  are  therefore 
observed  directly. 

o  The  bandwidth  of  the  servo  response  is  small 

compared  to  the  Fourier  frequency  to  be  measured. 

o  The  response  time  Is  very  slow. 

The  tight  phase-lock  loop  is  characterized  by: 

o  The  correction  voltage  of  the  servo  loop  varies 
as  frequency. 

o  The  bandwidth  of  the  servo  response  is  rela¬ 
tively  large. 

o  The  response  time  is  much  smaller  than  the 

smallest  time  Interval  (x)  at  which  measurements 
are  performed. 

NOTE:  Throughout  the  measurement  process  one 
should  check  and  maintain  phase  quad¬ 
rature  . 

Measurements.  Calculations,  and  Data  Plots 

The  measurement  sequence  is  automated  except  for 
the  case  where  manual  adjustments  are  required  to 
maintain  phase  quadrature  of  the  signals. 

Automated  measurements  are  executed  after  phase 
quadrature  is  obtained  and  the  Precision  IF  Step 
Attenuator  is  set  to  its  Zero  dB  indication. 

As  an  example,  our  previous  assumptions  resulted 
in  a  carrier  power  level  of  +10  dBm.  Assume  that  the 
spectrum  analyzer  measures  -106  dBm  with  s  10  Hz 
bandwidth  setting  at  a  particular  Fourier  frequency. 

The  value  of  spectral  density  which  will  be  plotted 
or  stored  is  calculated  as, 

j£(f)  in  decibels  relative  to  1  Hz  *  • 

[-106  dBm  -  10  dBm  -  6  dB  +  2.5  dB 

-  10  log  10-3  dB]  -  -132.5  dBc/Hz  (24) 

The  -3  dB  correction  is  Included  since  it  is  as¬ 
sumed  that  the  two  units  under  test  are  similar  and 
produce  the  same  amount  of  noise. 

In  this  example,  the  value  of  the  spectral  density 
of  phase  fluctuations  in  dB  relative  to  one  square 
radian  per  hertz  is  calculated  as, 

S..(f)  in  dB(rad2/Hz)  » 

o? 

-132.5  dBc/Hz  +  3  dB(rad2)  - 

-129,5  dB(rad2/Hz)  (25) 

If  one  desires  to  plot  the  spectral  density  of 
frequency  fluctuations ,  it  is  necessary  to  recall  that 

S..(f)  in  dB(rad2/Hz)  - 

of 

10  log  S4#(f)  [dB(rad2/Hz) ]  (26) 
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and  that  the  spectral  density  of  frequency  fluctua¬ 
tions  is 

S{v(f)  -  f 2  s8  (f)  [Hz2/Hz]  (27) 

System  Noise  Floor  Verification 

A  plot  of  the  noise  floor  is  obtained  by  repea¬ 
ting  the  automated  measurements  with  Attenuator  No.  1 
set  to  maximum  or  by  disconnecting  the  unit  under  test 
and  terminating  the  input  of  the  mixer  with  a  matched 
load. 


200  Hz. 

6.  The  60  Hz  line  frequency  interference  appears 
smaller  than  the  actual  amplitude  if  the  noise 
corrections  are  applied  as  set  forth  in  the  noise 
measurement  program.  The  corrections  for  the  log 
amplifier  and  detection,  bandwidth,  and  equal 
oscillator  contribution  should  be  removed  for  a 
plot  of  discrete  frequencies. 

7.  Amplitude  auto-ranging  is  used  in  the  program  to 
select  the  most  sensitive  range  that  does  not 
result  in  overload  conditions. 


We  use  the  following  equation  to  correct  for 
noise  floor. 


j£(f)  (corrected)  in  decibels  relative  to  1  Hz 


X(f)  * 


Pj3[f)  Pnoise  floor 
P*(f) 


[dBc/Hz]  (28) 


If  adequate  calculator  memory  is  available,  a 
set  of  measurements  of  the  oscillator  plus  floor  can 
be  performed  at  selected  Fourier  frequencies  and 
stored.  The  calculations  of  corrections  can  be  made 
when  the  noise  floor  is  measured. 


The  correction  for  noise  floor  can  also  be  ob¬ 
tained  at  an  earlier  point  in  the  program  at  Equation 
(13).  Measurement  of  v ( f )  of  the  oscillator  plus 

floor  is  obtained  then  S,5v(f)  is  obtained  for  the  noise 
noise  floor  only.  Then, 


The  low-pass  filter  prevents  local  oscillator 
leakage  power  from  overloading  the  spectrum  analyzer 
when  baseband  measurements  are  performed  at  the  Fourier 
(offset)  frequencies  of  interest.  Leakage  signals  will 
interfere  with  autoranging  and  the  dynamic  range  of  the 
spectrum  analyzer. 

The  low-noise  high-gain  preamplifier  provides 
additional  system  sensitivity  by  amplifying  the  noise 
signals  to  be  measured.  Also,  since  spectrum  analyzers 
usually  have  high  values  of  noise  figure,  this  amp¬ 
lifier  is  highly  desirable.  As  an  example,  if  the 
high-gain  preamplifier  had  a  noise  figure  of  3  dB  and 
the  spectrum  analyzer  had  a  noise  figure  of  18  dB,  the 
system  sensitivity  at  this  point  has  been  improved  by 
15  dB.  The  overall  system  sensitivity  would  not  neces¬ 
sarily  be  improved  15  dB  in  all  cases  because  the 
limiting  sensitivity  could  have  been  imposed  by  a  noisy 
mixer. 


S6v(f) 


S«v(f> 


corrected 


osc.  +  floor 


-  Sdv(f> 


floor  [V  /Hz]  (29) 


Figure  5  illustrates  the  type  of  plot  obtained 
using  our  program  and  the  two-oscillator  measurement 
system.  Each  plot  is  the  Normalized  Phase  Noise  Side- 
hand  Power  Spectral  Density  in  dBc/Hz.  However,  any 
defined  spectral  density  can  be  plotted  as  illustrated 
by  Figure  1 . 


Basics  of  the  TRW  Metrology  Automated 
Phase  Noise  Measurement  Program 

1.  The  HP  3330B  Synthesizer  serves  as  the  local  oscil¬ 
lator  for  the  HP  3571A  Tracking  Spectrum  Analyzer. 
The  calculator  program  controls  the  switching  of 
the  synthesizer  to  the  desired  Fourier  frequencies. 

2.  The  Fourier  frequency  Increments  are  chosen  to  be 
equal  to  the  selected  IF  noise  bandwidth  in  order 
to  obtain  a  continuous  spectrum  plot. 

3.  The  minimum  delay  time  for  a  measurement  is  deter¬ 
mined  by  the  IF  filter  build-up  In  the  spectrum 
analyzer.  The  range  is  from  2.5  seconds  for  the 
3-Hz  bandwidth,  decreasing  to  70  milliseconds  for 
the  10-kHz  bandwidth  setting. 

4.  Video  smoothing  is  used  in  order  to  obtain  a  better 
approximation  of  the  mean.  The  program  can  be  de¬ 
signed  so  that  a  large  number  of  measurements  can 
be  taken  for  better  estimation  of  the  mean  value. 
From  statistical  theory  the  confidence  in  an 
average  is  Improved  by  the  square  root  of  the 
number  of  samples. 

5.  The  IF  bandwidth  settings  for  the  Fourier  (offset) 
frequency  range  selections  are  as  follows: 


IF 

IF 

Fourier 

Bandwidth 

Fourier 

Bandwidth 

Frequency 

(Hz) 

Frequency 

(kHz) 

(kHz) 

3 

10  -  400  Hz 

1 

40  -  100 

10 

40Q  Hz  -  1  kHz 

3 

100  -  400 

30 

1  -  4  kHz 

10 

400  -  13  MHz 

100 

4-10  kHz 

200 

10  -  40  kHz 

Program  running  time  is  27 

minutes  when 

using  100  mea- 

surements  at 

each  Fourier  measurement  frequency  out  to 

Figure  5a  measurements  were  performed  on  two 
F.E.I.  Model  1050A  Disciplined  Time  Frequency  Standards. 
The  sample  plots  beneath  the  continuous  clot  are  the 
noise  floor. 

Figure  5b  characteristics  of  the  Austron  1120  S 
Oscillator  were  obtained  using  the  Austron  1125  S 
Multiplier  to  enhance  the  noise  by  13.98  dB.  Direct 
measurement  at  5  MHz  was  slightly  beyond  the  system 
capability.  Direct  measurement  may  be  possible  by 
incorporating  a  high  level  mixer  in  our  system. 

Figure  5c  represents  the  characteristics  of  a 
Hewlett-Packard  Model  105B  Quartz  Oscillator.  The 
F.E.I.  DTF  Standard  was  used  as  the  ref'-rence.  The 
lowest  plot  Is  for  the  HP  105B  and  the  upper  plot  llus- 
trates  Increase  in  phase  noise  when  the  signal  was 
amplified  using  a  Hewlett-Packard  5087A  Distribution 
Amplifier. 

Figure  5d  is  the  phase  noise  plot  obtained  using 
two  identical  250  MHz  Surface  Acoustic  Wave  (SAW) 
Oscillators  developed  at  TRW.  The  roll-off  in  the 
range  from  10  Hz  out  to  about  200  Hz  was  due  to  inade¬ 
quate  isolation  between  the  two  oscillators.  The 
slight  Injection  locking  was  also  noted  when  fine  tun¬ 
ing  one  oscillator.  This  illustrates  a  problem  of 
measuring  in  close  to  the  carrier  since  the  effective 
locking  loop  bandwidth  will  depend  upon  the  isolation 
of  the  oscillators. 

Figure  5e  shows  measurements  performed  on  two  HP 
8660C  Synthesizers,  at  5  MHz.  The  reference  oscillator 
of  one  was  locked  to  the  reference  oscillator  In  the 
other  unit.  Therefore,  the  phase  noise  plot  does  not 
slope  upward  from  about  SOO  Hz  to  10  Hz  on  the  plot. 

The  slope  upward  was  verified  using  the  alngle-oscll- 
lator  measurement  technique  which  will  be  discussed 
later.  The  phase  noise  reduction  by  the  phase-lock 
loop  of  the  synthesizer  Is  shown  and  one  notes  where 
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the  loop  bandwidth  ends  and  where  the  characteristics 
of  the  source  oscillator  are  being  measured. 

Figure  5f  shows  measurements  performed  on  a  Fluke 
6160B  Synthesizer  with  the  F.E.X.  7507A-1  Frequency 
Standard  as  the  reference.  The  measurements  were  per¬ 
formed  at  100  MHz.  The  characteristics  discussed  pre¬ 
viously  are  now  shown.  The  top  plot  at  the  lower 
Fourier  frequencies  was  obtained  with  the  oscillator 
"free-running".  The  lower  plot  was  performed  when 
the  reference  oscillator  of  the  synthesizer  was  phase- 
locked  to  the  F.E.I.  Frequency  Standard  Reference 
Oscillator. 

Phase  Noise  Measurements  Using 

Delay  Line  FM  Discriminators 

Frequency  fluctuations  are  measured  directly 
using  FM  discriminator  techniques  (References  5,  6,  and 
7).  One  of  the  important  advantages  of  this  type  sys¬ 
tem  is  that  the  phase  noise  characteristics  of  a  single 
oscillator  can  be  measured  without  the  requirement  of 
a  similar  or  better  source  as  a  reference. 

The  delay  line  yields  a  phase  shift  by  the  time 
the  signal  arrives  at  the  balanced  mixer.  The  phase 
shift  depends  upon  the  Instantaneous  frequency  of 
the  signal.  The  presence  of  frequency  modulation  (FM) 
on  the  signal  gives  rise  to  differential  phase  modula¬ 
tion  (PM)  at  the  output  of  the  differential  delay  and 
its  associated  (non-delay)  reference  line.  This  rela¬ 
tionship  is  linear  if  the  delay  (t,j)  is  non-dispersive . 
This  is  the  property  which  allows  the  delay  line  to  be 
used  as  an  FM  discriminator.  In  general,  the  conver¬ 
sion  factors  are  a  function  of  the  delay  (tj)  and  the 
Fourier  frequency  (f)  but  not  the  carrier  frequency. 

The  delay  of  the  transmission  line  and  variable  length 
airline  as  a  function  of  phase  noise  measurement  at 
various  offset  frequencies  will  be  discussed  later. 
However,  the  maximum  sensitivity  of  the  transmission 
line  discriminator  depends  upon  the  attenuation  value 
of  the  delay  line  at  the  carrier  frequency.5'7 
For  maximum  sensitivity,  the  optimum  length  of  the 
delay  line  for  the  system  shown  in  Figure  6  occurs 
when  the  total  attenuation  is  approximately  one  neper 
(one  neper  «  8.686  dB) .  It  represents  the  one-way 
loss  of  the  delay  line  in  Figure  6a  and  the  round-trip 
loss  of  the  delay  line  shown  in  Figure  6b.  The  optimum 
delay  line  length  is  determined  at  a  particular  selec¬ 
table  carrier  frequency.  However,  since  the  attenua¬ 
tion  varies  slowly  (approximately  proportional  to  the 
square  root  of  frequency),  this  characteristic  allows 
near  optimum  operation  over  a  considerable  frequency 
range  without  appreciable  degradation  in  the  measure¬ 
ments. 

General  Theory 

The  measurement  system  is  shown  in  Figure  6.  Two 
delay  line  configurations  are  Illustrated.  The  signals 
experience  the  one-way  delay  of  the  delay  line  in 
Figure  6a.  5»  ®  The  FM  discriminator  of  Figure  6b  is 
a  reflective  type  used  by  Ashley  et  al7  and  it  Is  noted 
that  the  signals  experience  the  round-trip  and  resul¬ 
tant  two-way  loss  in  the  delay  line. 

With  adequate  drive  power  we  have  not  limited  the 
delay  line  in  this  system  to  one  neper.  Delay  lines 
with  attenuation  greater  than  11  dB  were  used  in  some 
of  our  measurements.  The  resulting  noise  floor  was 
more  than  10  dB  below  the  measured  values  of  phase 
noise. 

The  calculator  program  performs  the  same  functions 
as  outlined  for  the  measurement  system  of  Figure  3. 

The  system  calibration  and  measurement  procedure 
is  outlined  as  follows: 


Measure  IF  Noise  Power  Bandwldths 

The  IF  noise  power  bandwidth  is  measured  for  each 
IF  bandwidth  setting  of  the  spectrum  analyzer  as 
set  forth  in  a  previous  section  of  this  paper. 

Establish  System  Power  Levels 

The  oscillator  under  test  is  connected  and  Atten¬ 
uators  1,  2,  and  3  are  used  to  set  the  equal  power 
levels  at  the  mixer  Inputs.  The  Inputs  were  from 
+7  to  +10  dBm  for  the  particular  mixer  used  in 
our  system. 

Quadrature  Adjustment 

The  phase  shifter  is  adjusted  for  Zero  volts  DC  at 
the  output  of  the  mixer  as  indicated  on  the  oscil¬ 
loscope  connected  as  shown.  This  establishes  the 
quadrature  condition  for  the  two  Inputs  to  the 
mixer.  This  quadrature  condition  is  co ntinuosly 
monitored  and  is  adjusted  if  necessary. 

Discriminator  Calibration 

The  calibration  factor  of  the  discriminator  should 
be  established  at  selected  Fourier  frequencies  over 
the  range  of  measurements.  If  the  calibration  fac¬ 
tor  is  not  constant,  appropriate  measured  values 
should  be  used  in  the  automated  measurement  program. 
The  measurement  and  calibration  will  be  described 
in  terms  of  a  20  kHz  modulation  frequency. 

The  calibration  factor  is  defined  as: 

CF  -  Av  /V  [Hz/V]  (30) 

nns  rms 

Where  Avrms  is  the  rms  frequency  deviation  of  the 
carrier  due  to  the  intentional  modulation  and  V,^ 
is  the  spectrum  analyzer  voltage  measurement  of  the 
modulation  sideband. 

Av  “  Av  //F  ■ 
rms  peak 


m  (fJ/FT 

in 


[Hz]  (31) 


The  calibration  factor  of  the  discriminator  is 
calculated  as: 


CF  -  m  (f  )/H?  V 

m  rms 


[Hz/V]  (32) 


The  calibration  factor  of  this  system  has  been 

found  to  be  constant  to  about  400  kHz  which  was  the 

limit  due  to  resolution  in  setting  the  carrier  null. 

The  calibration  factor  is  established  as  follows: 

a)  Replace  the  oscillator  under  test  with  a  signal 
generator  or  oscillator  that  can  be  frequency 
modulated. 

The  power  output  and  operating  frequency  of  the 
generator  must  be  set  to  the  same  precise  fre¬ 
quency  and  amplitude  values  as  the  oscillator 
under  test. 

b)  Select  a  modulation  frequency  of  20  kHz  and 
increase  the  modulation  until  the  carrier  is  re¬ 
duced  to  the  first  Bessel  null  of  the  carrier 

as  indicated  on  the  spectrum  analyzer  connected 
to  Coupler  No.  1.  One  can  choose  any  other 
convenient  setting  that  will  produce  a  known 
modulation  index  (m) . 

c)  Tune  the  HP  3571A  Tracking  Spectrum  Analyzer  to 
the  modulation  sideband  frequency  (20  kHz). 
Maintain  the  phase  quadrature  of  the  two  signals 
applied  to  the  balanced  mixer. 

d)  The  Tracking  Spectrum  Analyzer  Is  now  display¬ 
ing  a  power  reading  that  corresponds  to  the 
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d)  modulation  frequency.  This  reading  must  be 
corrected  for  the  dB  setting  of  Attenuator 
No.  4  in  order  to  calculate  the  calibration 
factor  of  the  discriminator.  Attenuator  No. 

4  will  be  set  to  Zero  dB  reference  indication 
during  the  measurements  of  Fourier  frequency 
noise  power.  This  results  in  an  increase  of 
sideband  power  at  the  mixer  which  must  be 
accounted  for  in  the  calculation  of  the 
calibration  factor. 

As  an  example,  if  the  attenuator  was  set  to 
50  dB  as  proposed,  and  the  spectrum  analyzer 
reading  of  baseband  power  is  -35  dBm,  the 
corrected  power  is  then 


'  S«v(f>/f2  Hi]  (39) 

The  normalized  phase  noise  sideband  power  spectral 
density  is  calculated  as, 

jf(f)  -  1/2  rad2)  S^(f)  [Hz-1]  (40) 

Script  afif)  expressed  In  decibels  relative  to 
1  H z ~ •  Is  plotted  In  real  tine  In  our  program. 
However,  the  data  can  be  stored  and  the  desired 
spectral  density  can  be  plotted  In  other  forms. 

Noise  Floor  Measurements 


P  (dBm)  -  50  dB  -  35  dBm  -  +15  dBm  (33) 

e)  The  discriminator  calibration  factor  can  now 
be  calculated,  since  this  power  in  dBm  can  be 
converted  to  the  corresponding  rms  voltage 
using  the  following  equation. 


where  R  is  50  onms  in  this  system. 

f)  The  discriminator  calibration  factor  is  cal¬ 
culated  as , 

CF  -  m  •  f  //2  V 

m  rms 

-  2.405  •  f  Ifi  V  [Hz/V]  (35) 

m  rms 

since  2.405  is  the  modulation  index  <m)  for 
the  first  Bessel  carrier  null  as  used  in  this 
technique.  The  modulation  frequency  is  f  . 

ffl 


Measurement  and  Data  Plotting 


a)  Connect  the  unit  under  teat  in  place  of  the 
modulated  signal  generator  and  readjust  quad¬ 
rature  at  the  signals  if  necessary. 

b)  Set  Attenuator  No.  4  to  its  Zero  dB  indica¬ 
tion. 


The  measurements,  calculations,  and  data  plotting 
are  completely  automated.  The  calculator  program 
selects  the  Fourier  frequency,  auto-ranging  is 
performed,  bandwidth  is  set,  and  measurements  of 
Fourier  frequency  power  are  performed  by  the 
tracking  spectrum  analyzer. 

Each  Fourier  frequency  noise  power  reading  Pn 
(dBm)  is  converted  to  the  corresponding  rms  vol¬ 
tage  designated  as  *v^rBg" 


/10(Pn(dBm)  +  2.5)/10 


(V]  (36) 


the  rms  frequency  fluctuations  are  calculated  as. 


-  «v,  x  CF 
lrms 


The  spectral  density  of  frequency  fluctuations  is 
calculated  as , 

S,  (f)  -  («v  )2/B  [«z2/Hz]  (38) 

ov  rms 


where  B  is  the  measured  IF  noise  power  bandwidth 
of  the  spectrum  analyzer. 

The  spectral  density  of  phase  fluctuations  is 
calculated  as. 


The  system  noise  floor  can  be  plotted  by  set¬ 
ting  Attenuator  No.  3  to  maximum  and  repeating  the 
automated  measurements.  We  increase  the  LO  power 
to  obtain  essentially  the  same  m^xer  output  impe¬ 
dance  which  exists  when  both  signals  are  applied. 
When  using  the  12  ear  and  3  mw  levels,  there  is 
no  difference  in  the  noise  floor  with  and  without 
the  3  mw  signal.  However,  in  systems  which  require 
different  impedance  levels,  it  is  necessary  that 
the  total  input  power  (Signal  and  LO)  be  adjusted 
to  produce  the  required  mixer  output  impedance. 
This  will  require  a  method  of  measuring  the  mixer 
output  impedance  and  re-establishing  the  particu¬ 
lar  value  when  measuring  the  noise  floor.  In  the 
calculation  process  in  the  program,  the  rms  vol¬ 


tage  corresponding  to  the  noise  floor  is  desig¬ 


nated  6v 


2  rms. 


In  our  program  the  noise  floor  is  checked 


only  at  selected  Fourier  frequencies  over  the 


range  of  measurement. 


A  correction  for  the  noise  floor  requires  a 
measurement  of  the  rms  voltage  of  the  oscillator 
and  floor  Sv^j^  and  a  measurement  of  the  noise 
floor  rms  voltage  6v2nBs.  These  voltages  are  used 
in  the  following  equation  to  obtain  the  corrected 
value. 


[V]  (41) 


The  corrected  value  Sv^^  is  then  used  in  the 
calculation  of  frequency  fluctuations.  If  adequate 
memory  is  available,  each  value  of  6vjttKJ  can  be 
stored  and  used  after  the  other  set  of  measurements 
is  performed  at  the  same  Fourier  frequencies. 

Figure  6b  illustrates  the  FM  discriminator 
used  by  Ashley  et  al'.  The  circulator,  double 
stub  tuner,  delay  line  and  adjustable  length  air¬ 
line  form  the  FM  discriminator.  The  double  stub 
tuner  and  adjustable  line  are  used  to  null  out  the 
carrier. 

The  carrier  nulling  procedure  makes  the  dis¬ 
criminator  relatively  lmnune  to  incidental  AM  on 
the  signal  being  tested.  The  system  is  not  res¬ 
tricted  by  burnout  characteristics  of  the  crystals 
in  the  mixer. 

The  quadrature  adjustment  differs  from  the 
system  of  Figure  6a  which  uses  the  one-way  length 
of  the  delay  line.  During  the  calibration  process 
the  phase  shifter  is  adjusted  for  maximum  output 
indication  on  the  Tracking  Spectrum  Analyzer  at 
the  20  kHz  modulation  frequency.  This  sets  the 
phase  quadrature  of  the  two  signals  applied  to  the 
balanced  mixer. 

The  phase  noise  plots  of  Figure  7  vere  obtain¬ 
ed  with  the  TRW  Metrolgoy  program  and  the  measure¬ 
ment  system  shown  in  Figure  6s.  The  phase  noise 
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plot  follows  che  power  law  process  Co  about  700 
kHz.  Beyond  chls  point  che  delay  line  discrimina¬ 
tor  Is  not  calibrated.  A  plot  of  S$v(f)  has  nulls 
at  every  multiple  of  fj,  where  fj  is  the  Fourier 
frequency  corresponding  to  l/t<j,  and  tj  is  the 
total  differential  delay  of  the  FM  discriminator. 

Figure  7a  measurements  were  performed  using 
two  different  delay  lines.  The  delay  line  used  in 
measurements  of  the  600  MHz  fundamental  frequency 
was  about  500  ns  as  indicated  by  the  first  null  at 
about  2  MHz.  The  delay  line  used  in  the  measure¬ 
ments  of  the  2.4  GHz  (multiplied  output)  had 
about  250  ns  delay  as  indicated  by  the  first  null 
at  about  4  MHz .  Note  that  the  theoritical  enhance¬ 
ment  and  measured  data  agree  within  the  resolution 
of  the  plot. 


APPENDIX  A 


If  the  frequency  deviation  is  given  in  terms  of 
its  rms  value  then, 


Av  ■  Av  //T 
rms  o 


Equation  6  now  becomes 


V  ,  /V 
sb  o 


db 


At)  -  20  logfAv^/Zf  fm) 


10  log  (Av  l/i  f  ) 

rmc  m  ' 


(7) 


(8) 


The  ratio  of  single  sideband  to  carrier  power  in 
dBc/Hz  is, 

At)  -  20  logf  vH  ~  3  dB  [dBc/Hz]  (9) 


Basic  Modulation  Theory  and  Spectral  Density 

Applying  a  sinusoidal  frequency  modulation  (fm) 
to  a  sinusoidal  carrier  frequency  (v0)  produces  a  wave 
that  is  sinusoidally  advanced  and  retarded  in  phase  as 
a  function  of  time.  The  instantaneous  voltage  is  ex¬ 
pressed  as, 

V(t)  -  V  Sin  (  2xv  t  +  A$  Sin  2fff  t  ]  (1) 

o  o  tn 

where  A$  is  the  peak  phase  deviation  caused  by  the 
modulation  signal. 

The  first  term  inside  the  brackets  represents  the 
linearly  progressing  phase  of  the  carrier.  The  second 
term  is  the  phase  variation  (advancing  and  retarded) 
from  the  linearly  progressing  wave. 

The  effects  of  modulation  can  be  expressed  as 
residual  FM  noise  in  which  modulation  by  a  single  sinu¬ 
soidal  signal  produces  a  peak  frequency  deviation  of 
the  carrier  (vQ) . 


and 


S6#(f)  -  10  log 


Av 


[dB(rad  /Hz)  ]  (10) 


i.e.,  in  decibels  relative  to  1  rad  /Hz. 

The  interrelationships  of  modulation  index,  peak 
frequency  deviation,  rms  frequency  deviation  and  spec¬ 
tral  density  of  phase  fluctuations  can  be  found  from 
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This  ratio  of  peak  frequency  deviation  to  modula¬ 
tion  frequency  is  called  modulation  index  (m)  so  that 
A$  -  m  and 


and 

Av  2Av 

o  rms 

m  -  - —  «  -== - 

f»  ^fm 

■  2\/vf)/2 

(13) 

The  basic  relationships  are  plotted  in  Figure  1. 


m  -  Av  /f  (4) 

o  m 

The  frequency  spectrum  of  the  modulated  carrier 
contains  frequency  components  (side-bands)  other  than 
the  carrier.  For  small  values  of  modulation  index 
(nK<l) ,  as  is  the  case  with  random  phase  noise,  only 
the  carrier  and  first  upper  and  lower  sidebands  are 
significantly  high  in  energy. 

The  effects  of  modulation  can  also  be  expressed 
as  single  sideband  phase  noise  in  which  the  peak  phase 
deviation  is  A+  «  m.  The  ratio  of  the  amplitude  of 
either  sideband  (single  sideband)  to  the  amplitude  of 
the  carrier,  VQ  is: 

V  . /V  -  m/2  (5) 

8D  O 

This  ratio  is  expressed  in  dB  and  referred  to  as 
dB  below  the  carrier  for  the  given  bandwidth. 

—  jjg  -  20  log(m/2)  -  20  log(Avo/2fa) 

-  10  log[f]  -  10  log(Avo/2fa)2  (dBc/B]  (6) 


Discussion 

Identical  phase  noise  plots  were  obtained  using, 
the  two  discriminator  systems.  Measurements  performed 
with  the  single-oscillator  technique  and  the  two-oscil¬ 
lator  technique  agree  over  the  range  out  to  about  40 
percent  of  the  Fourier  frequency  of  the  first  pull  of 
the  plot  obtained  with  the  single-oscillator  (FM  dis¬ 
criminator)  system.  The  FM  discriminator  is  uncallb- 
rated  beyond  the  described  40  percent  area  as  indicated 
in  Figure  7. 

When  using  the  two-oscillator  technique  accurate 
measurements  close  to  the  carrier  can  be  limited  depen¬ 
ding  upon  the  isolation  between  the  two  sources.  This 
was  clearly  indicated  in  the  data  plots  of  Figure  5. 

In  order  to  obtain  the  lowest  noise  floor,  the 
mixers  used  in  these  systems  were  driven  with  equal 
signals  to  the  RF  and  LO  ports.  The  nominal  IF  output 
impedance  of  the  mixers  was  50  ohms  and  we  did  not  ex¬ 
perience  system  sensitivity  problems  with  a  broad  range 
of  total  input  power  to  the  mixer.  Mismatch  problems 
were  not  critical  when  the  mixers  were  driven  for  IF 
output  Impedance  values  in  the  range  of  30  to  70  ohms. 
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If  the  mixer  IF  output  Impedance  is  driven  to  a 
low  value  for  use  -with  an  amplifier  such  as  the  Ortec 
9431,  which  has  a  high  input  Impedance,  the  total  in¬ 
put  power  to  the  mixer  can  become  critical  when  one 
desires  optimum  measurement  results.  In  this  case  the 
mixer  is  driven  Just  short  of  burnout  of  the  diodes. 

A  special  impdeance  monitoring  circuit  may  be  required 
in  this  particular  type  application. 

Dr.  J.  Robert  Ashley  and  Gustaf  J.  Rast,  Jr. ,7 
performed  measurements  on  a  230  MHz  TRW  Surface  Acous¬ 
tic  Wave  Oscillator  using  their  system  at  Redstone 
Arsenal.  The  measurements  agreed  within  one  dB 
with  measurements  performed  with  the  three  systems 
described  in  this  paper. 

Measurements  performed  using  the  Hewlett-Packard 
program  in  Application  Note  AN  2073  fell  precisely  on 
the  continuous  plot  obtained  with  the  TRW  Metrology 
program.  The  measurements  were  performed  in  TRW  Met¬ 
rology  by  Chuck  Reynolds  of  Hewlett-Packard,  Loveland 
Division. 

Joe  Oliverio  of  the  Hewlett-Packard  Company  per¬ 
formed  phase  noise  measurements  in  TRW  Metrology  using 
the  HP  5420  Digital  Signal  Anaiyzer  wAich  measures 
over  the  frequency  range  from  sub-millihertz  to  25  kHz. 
The  measurements  were  also  in  precise  agreement  with 
measurements  performed  using  our  program. 

Holly  Cole  of  the  Hewlett-Packard  Company  perfor¬ 
med  verification  measurements  out  to  a  few  hundred 
hertz  using  the  HP  5390A  Frequency  Stability  Analyzer 
which  performs  measurements  in  the  time  domain  and 
the  data  is  transformed  into  the  frequency  domain. 

We  have  performed  phase  noise  an<,  AM  noise  mea¬ 
surements  on  Impatt  and  Gunn  oscillator-  at  34  GHz. 

The  measurement  technique  requires  two  sources.  The 
two  sources  are  applied  to  a  balanced  mixer  and  are 
offset  to  obtain  difference  frequency  in  the  range 
of  the  single-oscillator  (FM  delay  line  discriminator) 
measurement  system.  Measurements  are  performed  using 
the  system  in  Figure  6  as  described  in  this  presen¬ 
tation. 
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FIGURE  2.  FUNCTIONAL  BLOCK  DIAGRAM  OF  A 
PHASE  NOISE  MEASUREMENT  SYSTEM. 


FIGURE  4.  AUTOMATED  PLOT  OF  NOISE  POWER  BANDWIDTH. 
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Figure  5.  PHASE  NOISE  PLOTS 
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Fl£*E  7.  NORMALIZED  PHASE  NOISE  SIDEBAND  POWER  SPECTRAL  DENSITY  OF  TRW  DEVELOPED  SURFACE  ACOUSTIC  WAVE 
OSCILLATORS  MEASURED  USING  THE  SINGLE  -  OSCILLATOR  TECHNIQUE. 


358 


IURRENT  DEVELOPMENTS  IN  SAW  OSCILLATOR  STABILITY 


T.  E.  Parker 

Raytheon  Research  Division 
Waltham,  Massachusetts 


Abstract 

The  surface  acoustic  wave  (SAW)  controlled  os¬ 
cillator  has  been  the  subject  of  considerable  research 
over  the  past  few  years  and  a  significant  improve¬ 
ment  in  the  understanding  and  nerformance  of  SAW 
oscillators  has  been  achieved.  The  frequency  stabil¬ 
ity  of  an  oscillator  is  a  key  parameter  and  will  be  dis¬ 
cussed  in  three  regimes:  (1)  short-term  stability  - 
noise,  (2)  medium-term  stability  -  temperature 
effects,  and  (3)  long-term  stability  -  aging. 

The  equations  for  calculating  the  FM  noise  for 
both  resonator  and  delay  line  oscillators  will  be 
reviewed.  For  both  the  resonator  and  delay  line,  the 
material  propagation  loss  ultimately  limits  the  noise 
characteristics  of  the  SAW  device.  Theoretical  limits 
are  discussed  and  it  is  shown  that  an  ideal  delay  line 
oscillator  (SAW  insertion  loss  is  due  only  to  propa¬ 
gation  loss)  has  a  lower  close  in  noise  level  than  an 
ideal  resonator  by  about  3  dB.  However,  an  ideal 
delay  line  is  extremely  difficult  to  implement,  and  in 
practice  a  resonator  oscillator  will  almost  always 
give  a  better  noise  performance.  Results  of  FM 
noise  measurements  on  resonators  and  delay  line 
type  oscillators  are  presented.  Though  resonator 
oscillators  have  better  noise  performance,  the  delay 
line  oscillator  is  sometimes  attractive  because  of  its 
larger  tuning  range  relative  to  its  delay  time. 

Although  research  on  new  SAW  materials  is 
continuing,  no  significant  advances  in  SAW  oscillator 
temperature  stability  have  been  made.  A  quick  re¬ 
view  of  the  temperature  dependence  of  ST-cut  quartz 
and  the  SiC^/LiTaC^  structure  is  presented. 

Aging  has  been  a  major  problem  with  SAW  con¬ 
trolled  oscillators,  with  aging  rates  on  the  order  of 
-1  to  -10  ppm/month  having  been  reported.  These 
rates  were  observed,  however,  on  devices  which 
were  packaged  in  a  relatively  crude  manner  using 
RTV  mounting.  Recent  results  using  no  organics  and 
high -vacuum  sealing  have  shown  positive  aging  rates 
as  low  as  +0.25  ppm/month. 

Introduction 

Over  the  last  few  years  there  has  been  consid¬ 
erable  improvement  in  SAW  oscillator  stability  and 
increased  understanding  of  the  phenomena  which  af¬ 
fect  frequency  stability.  The  use  of  SAW  resonators 
has  given  improved  short-term  stability  (noise)  and 
equations  will  be  presented  for  calculating  FM  noise 
for  both  resonators  and  delay  lines.  From  these 
equations  the  best  design  for  optimum  noise  perform¬ 
ances  can  be  determined.  Phase  noise  measurements 
for  both  delay  lines  and  resonators  will  be  presented. 

Improvements  in  long-term  stability  (aging) 
have  also  occurred,  largely  due  to  better  packaging 
techniques.  Cleaning  and  sealing  techniques  similar 
to  those  used  with  bulk  wave  resonators  have  produced 


oscillators  with  aging  rates  as  low  as  +0.25  ppm/month. 
Aging  data  for  a  number  of  oscillators  is  presented. 

Medium-term  stability  (temperature  dependence) 
has  not  seen  significant  improvement  over  previously 
reported  results;  therefore  only  a  brief  review  is  pre¬ 
sented  . 

In  the  following  discussion  all  results  were  ob¬ 
tained  with  two  port  delay  lines  and  resonators  used 
in  a  simple  feedback  oscillator  as  shown  in  Fig.  1 . 

Short-Term  Stability  -  FM  Noise 

The  feedback  oscillator  in  Fig.  1  inherently 
operates  with  the  amplifier  in  a  saturated  condition 
and  therefore  the  AM  noise  is  suppressed.  Conse¬ 
quently,  the  dominant  noise  is  FM.  A  convenient  way 
of  expressing  FM  noise  is  the  single -sideband  noise 
power  spectrum.  Equation  1  is  based  on  an  expres¬ 
sion  by  Leeson  1  and  gives  the  FM  single -sideband  noise 
power  relative  to  the  carrier  in  a  1  Hz  bandwidth  as  a 
function  of  the  offset  or  modulation  frequency,  Au. 


(?) 
c  dBc 

• 

10  Log 
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where 

N 

= 

multiplication  factor 

G 

= 

amplifier  gain  «  SAW  insertion  loss 

KT 

= 

thermal  energy 

F 

= 

amplifier  noise  figure 

P 

c 

= 

oscillator  power  at  amplifier  output 

T 

= 

phase  slope  (group  delay)  of  SAW 
device 

U> 

a 

= 

flicker  frequency 

Aw 

= 

offset  or  modulation  frequency 

Equation  1  is  not  an  exact  expression,  but  gives  only 
the  basic  characteristics  of  the  noise  power  spectrum. 
There  is  some  disagreement  in  the  literature  1.2,  3 
over  a  factor  of  two  which  may  appear  in  the  term  in 
the  left  hand  parenthesis  but  Eq.  1  has  been  found  to 
be  accurate  to  within  a  few  dB  in  most  cases.  The 
right-hand  term  of  the  three  terms  enclosed  In  the 
right-hand  parenthesis  represents  the  thermal  floor 
which  is  independent  of  modulation  frequency.  As  one 
would  expect,  this  level  depends  on  the  amplifier  gain 
and  noise  figure  as  well  as  KT  and  the  carrier  power 
Pc.  If  multiplication  is  used,  this  also  affects  the 
thermal  floor  by  making  N  larger  than  one.  The  mid¬ 
dle-term  includes  the  effect  of  the  group  delay  or  phase 
slope  in  the  noise  power  spectrum,  and  results  from  a 
frequency  modulation  of  the  oscillator  caused  by  phase 
noise  at  the  amplifier  input.  Below  some  frequency. 
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ua,  the  phase  noise  begins  to  increase  as  1/au  and 
this  is  the  flicker  noise  contribution  represented  by 
the  left-hand  term.  This  results  in  a  further  increase 
in  the  spectrum  slope  to  30  dB/decade.  It  has  been 
assumed  in  Eq.  1  that  4*  <  1/t. 

From  Eq.  1  it  is  evident  that  several  steps  can 
be  taken  to  minimize  the  noise  in  an  oscillator.  Spe¬ 
cifically,  G,  F,  and  N  should  be  minimized  and  can 
be  controlled  to  some  extent  by  SAW  design  and  the 
choice  of  amplifiers.  Also,  Pc  should  be  made  as 
large  as  possible.  is  not  a  design  parameter  but 
generally  is  affected  by  fabrication  techniques  in  both 
the  SAW  device  and  amplifiers.  It  is  desirable  that 
ua  be  as  small  as  possible,  but  the  value  of  wa  is  not 
a  design  variable  and  is  generally  not  predictable.  To 
further  reduce  the  close-in  noise,  t  should  be  maxi¬ 
mized,  but  r  cannot  be  increased  without  limit  since 
this  will  increase  the  SAW  insertion  loss  and  therefore 
require  a  larger  G.  The  value  of  t  which  gives  the 
lowest  close-in  noise  level  can  be  determined  from 
Eq.  1,  but  the  value  is  different  for  delay  lines  and 
resonators. 


For  a  delay  line  the  insertion  loss  (in  dB)  in¬ 
creases  linearly  with  t  and  it  is  easy  to  show  that  the 
close-in  noise  level,  Nfm  ,  is  proportional  to 


NFM  00 


/lnlO  ar\ 

e 

{  10  j 

where  a  is  the  surface  wave  propagation  loss  in  dB/ 
p sec  and  r  is  the  group  delay  in  p sec .  Differentiating 
this  relation  and  setting  it  to  zero  gives  the  result 
that  the  optimum  value  of  t  is 


r  =  8.69 

opt  a 

which  gives  an  insertion  loss  (due  only  to  propagation 
loss)  of  8-69  dB. 

For  a  resonator  the  insertion  loss  is  a  function 
of  the  loading,  or  matching,  and  is  given  by 


I.L.  (dB)  =  10  log 


where  Ql  and  Qu  are  the  loaded  and  unloaded  Q's. 
Proceeding  in  the  same  manner  as  with  the  delay  line 
it  can  be  shown  that  for  a  resonator 


T  =  - - 

opt  uj 


which  is  equivalent  to 


since  for  a  resonator 


T 


2Ql, 


where  w  is  the  oscillator  frequency.  The  insertion 
loss  of  a  resonator  tuned  for  optimum  delay  is  fi  dB 

Acoustic  propagation  loss  directly  affects  the 


optimum  delay  of  delay  lines,  as  shown  above,  and  it 
has  a  similar  effect  on  resonators  because  it  limits 
the  unloaded  Q,  Qy ,  which  is  equivalent  to  the  mater¬ 
ial  Q  of  reference  4.  Acoustic  propagation  loss  in¬ 
creases  5  as  w2  and  the  resulting  optimum  delay  (or 
phase  slope)  as  a  function  of  oscillator  frequency  is 
shown  in  Fig.  2  for  delay  lines  and  resonators  on  ST 
cut  quartz.  Obtaining  the  optimum  delay  with  a  delay 
line  requires  only  that  the  device  have  the  proper 
length,  though  this  can  be  a  problem  at  low  frequen¬ 
cies  where  the  length  gets  very  large.  For  a  resona¬ 
tor,  losses  in  the  grating  must  be  minimized  so  that 
the  unloaded  Q  is  close  to  the  material  limit.  At  this 
point  the  device  is  then  matched  to  give  a  loaded  Q 
equal  to  Qy/2  and  an  insertion  loss  of  6  dB. 

It  is  interesting  to  note  that  for  an  ideal  delay 
line  (that  is,  a  delay  line  in  which  there  are  no  trans¬ 
ducer  losses  and  the  net  insertion  loss  is  due  only  to 
propagation  loss),  the  close-in  noise  level  is  about 
3  dB  lower  than  that  of  a  perfect  resonator.  However, 
an  ideal  delay  line  is  very  difficult  to  implement  and 
generally  a  SAW  resonator  will  give  better  noise  per¬ 
formance  than  a  typical  delay  line. 

One  advantage  that  the  delay  line  does  have,  how¬ 
ever,  is  that  it  is  inherently  more  wideband  than  the 
resonator.  The  3  dB  bandwidth  of  a  single-mode  delay 
line  is  about  three  times  larger  than  a  resonator  witli 
the  same  group  delay.  Also  the  group  delay  of  the  de¬ 
lay  line  is  essentially  constant  over  this  bandwidth, 
whereas  the  resonator  group  delay  decreases  as  it  is 
tuned  off  resonance.  The  delay  line  is  also  easily 
adapted  to  multi-mode  operation  and  oscillators  with  a 
percent  or  more  tunability  have  been  demonstrated 
which  have  very  respectable  noise  characteristics.  - ■  7 

Generally,  it  can  be  concluded  that  for  very  nar¬ 
row-band,  or  fixed-frequency  applications,  the  resona¬ 
tor-type  oscillator  will  give  the  best  noise  performance. 
For  applications  where  tunability  and  linearity  are  im¬ 
portant,  the  delay-line-type  oscillator  may  give  the 
best  performance. 

To  illustrate  typical  noise  characteristics  of 
SAW  oscillators,  measurements  have  been  made  on  a 
401 -MHz  delay  line  and  a  310-MHz  resonator.  Figure 
3  shows  measured  and  calculated  single -sideband  KM 
noise  for  these  two  oscillators  and  also  lists  the  values 
of  the  various  parameters.  The  flicker  frequency, 
fa  "  ua  /  2ir,  was  determined  from  the  experimental 
data  and  used  in  the  calculated  curves.  In  both  cases 
the  overall  agreement  is  good.  The  dashed  lines  were 
inserted  in  the  resonator  data  to  emphasize  the  20  and 
30  dB/  decade  slopes  and  to  more  clearly  show  how 
the  flicker  frequency  is  determined  by  the  intersection 
of  the  two  slopes.  The  bump  in  the  resonator  noise 
data  at  300  KHz  is  caused  by  secondary  resonances  in 
the  SAW  device  which  are  about  3  dB  higher  in  inser¬ 
tion  loss  than  the  main  resonance.  The  secondary 
resonances  were  intentionally  designed  into  the  SAW 
device  and  can  be  removed  with  a  new  design.  The 
noise  level  for  the  delay  line  oscillator  drops  below 
theory  for  AF  >  100  KHz  because  the  theory  does  not 
include  the  effect  of  destructive  interference  which 
causes  the  noise  level  to  be  suppressed  3  somewhat 
at  offset  frequencies  in  the  vicinity  of  1  /  2  t.  This 
does  not  occur  in  the  resonator  because  the  amplitude 
response  of  a  resonator  falls  off  more  rapidly  than 
for  a  delay  line. 

Another  way  of  characterizing  the  frequency 
stability  of  an  oscillator  is  to  plot  the  fractional  fre¬ 
quency  stability  as  a  function  of  measurement  period, 

T.  Figure  4  shows  results  for  the  401-MHz  delay  line 
as  measured  with  a  Hewlett-Packard  53B0A  computing 
counter.  The  solid  line  was  calculated3  from  the  noise 
spectrum  shown  in  Fig.  3.  The  increase  in  measured 
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frequency  deviation  for  T  =  1  and  10  sec  is  probably 
due  to  residual  frequency  drift  due  to  temperature 
changes. 

Returning  to  Eq.  1,  another  factor  which  affects 
short-term  stability  is  the  amount  of  multiplication 
which  is  used.  Using  an  oscillator  with  a  high  funda¬ 
mental  frequency  can  reduce  the  value  of  N,  but,  as 
shown  in  Fig.  2,  this  also  reduces  the  optimum  value 
of  r.  Since  t decreases  as  u>2,  it  is  obvious  that  a 
high  oscillator  frequency  does  not  result  in  improved 
close-in  noise.  This  is  shown  in  Fig.  5,  which  gives 
the  calculated  single -sideband  FM  noise  at  100  Hz  for 
a  10  GHz  system  as  a  function  of  the  oscillator  fre¬ 
quency.  Results  for  both  an  ideal  delay  line  and  a 
resonator  are  shovrn.  In  both  cases  flicker  noise  has 
not  been  included.  The  figure  clearly  shows  that  the 
lowest  close-in  noise  is  obtained  if  a  low  frequency 
oscillator  is  used  with  the  necessary  multiplication 
needed  to  reach  10  GHz.  However,  two  points  should 
be  noted.  First,  the  opposite  relation  holds  for  far- 
out  noise.  The  thermal  floor  is  essentially  independ¬ 
ent  of  oscillator  frequency,  but  does  increase  with 
the  multiplication  factor.  Thus,  good  close-in  per¬ 
formance  is  obtained  at  the  expense  of  increased  far- 
out  noise.  Second,  there  may  be  many  practical  rea¬ 
sons  for  not  wanting  to  use  multipliers.  These  may 
include  reliability,  power  consumption,  and  spurious 
suppression.  To  illustrate  the  difference  in  noise 
characteristics.  Fig.  6  shows  the  single-sideband  FM 
noise  of  a  commercial  5  MHz  bulk  wave  resonator  9 
multiplied  to  310  MHz  along  with  a  310-MHz  surface 
acoustic  wave  resonator  (same  de.ice  as  shown  in 
Fig.  3).  Above  1  KHz  the  surface  wave  oscillator 
is  better  but  below  1  KHz  the  bulk  wave  oscillator  is 
better.  The  group  delay  of  the  surface  wave  oscillator 
is  only  about  half  of  the  theoretical  limit,  so  there  is 
room  for  improvement  here  and  also  the  flicker  fre¬ 
quency  may  be  reducible  with  amplifiers  or  SAW  fab¬ 
rication.  The  dashed  line  in  Fig.  6  is  an  extension  of 
the  20  dB/  decade  region  to  illustrate  the  SAW  oscil¬ 
lator  performance  without  flicker  noise.  Nevertheless, 
even  with  significant  improvement,  it  is  doubtful  the 
SAW  oscillator  could  be  made  to  have  lower  close-in 
noise  than  the  multiplied  bulk  wave  oscillator. 

Medium-Term  Stability  -  Temperature  Effects 

Although  there  is  considerable  research  being 
done  on  new  materials,  there  have  been  no  sig¬ 
nificant  improvements  in  oscillator  temperature  sta¬ 
bility.  The  only  two  demonstrated  materials  for  tem¬ 
perature  stable  SAW  oscillators  are  ST-cut  quartz 
and  the  SiC>2/  LiTaC>3  overlay  structure.  *  Figure 
7  shows  the  temperature  dependence  of  oscillators 
made  with  these  two  materials.  ST-cut  quartz  is  the 
most  commonly  used  material  since  it  is  the  simplest 
to  use,  but  the  SiC>2  /  LiTaOj  structure  offers  better 
performance  at  the  expense  of  more  complicated  fab¬ 
rication  techniques.  In  addition  to  new  materials, 
electronic  techniques  can  be  used  to  stabilize  an  os¬ 
cillator  but  very  little  has  been  done  at  this  time. 

Long-Term  Stability  —  Aging 

Aging  tests  have  been  going  on  at  Raytheon  for 
the  past  two-and-a-half  years  and  it  has  become  obvi¬ 
ous  that  the  observed  aging  rates  are  largely  related 
to  cleaning  and  packaging.  Our  very  first  oscillator 
was  mounted  in  an  unsealed  package,  and  it  quickly 
became  evident  that  the  frequency  went  up  and  down 
with  the  humidity.  Subsequent  devices  were  mounted 
in  RTV  and  solder-sealed  in  gold-plated  flatpacks.  12 
These  devices  were  baked  at  80*  C  for  8  to  8  hours  in 
a  dry  nitrogen  atmosphere  before  final  sealing.  Fig¬ 
ure  8  shows  the  aging  data  for  13  devices.  Numbers 
1  through  8  were  mounted  as  just  described.  All  of 


these  devices  operated  near  300  MHz  but  devices  2,  4, 
and  5  were  made  with  the  Si02  /  LiTa03  structure. 

The  other  five  were  made  on  ST-cut  quartz.  Devices 
6  and  7  had  chrome-gold  transducers  while  all  the 
others  had  aluminum  metallization.  Device  number  8 
was  the  only  resonator.  Of  the  eight  devices  packaged 
with  RTV,  all  aged  downward  in  frequency.  An  accumu¬ 
lation  of  foreign  material  would  cause  the  frequency  to 
decrease  so  it  was  postulated  that  organic  components 
from  the  RTV  were  condensing  on  the  crystal  surface. 

To  eliminate  the  use  of  RTV,  it  was  decided  to  use 
gold  wires  to  strap  the  crystal  in  place.  By  notching 
the  sides  of  the  crystal  and  passing  the  straps  through 
the  notches,  the  crystal  could  be  held  in  place  without 
subjecting  it  to  large  amounts  of  stress.  Though  this 
mounting  scheme  is  not  as  immune  to  vibration  as  that 
using  RTV,  it  involves  no  organics  and  can  be  made 
very  clean.  The  technology  of  bulk  wave  resonator 
fabrication  was  applied  wherever  possible.  After 
mounting  in  gold-plated  flatpacks,  the  devices  were 
then  placed  in  a  high-vacuum  chamber  (  2  X  10"'  torr) 
and  were  baked  at  200°  C  for  several  hours.  The  final 
sealing  was  done  by  heating  the  package  to  310°  C  to 
melt  a  gold-tin  preform.  Devices  9,  10,  12,  and  13 
were  sealed  in  this  manner  and  their  aging  character¬ 
istics  are  also  shown  in  Fig.  8.  These  devices  are  all 
delay  lines,  with  numbers  9  and  10  operating  at 
310  MHz  and  12  and  13  operating  at  401  MHz.  All  of 
the  devices  packaged  under  high  vacuum  and  with  no 
organics  have  aged  upwards.  Generally,  the  four  de¬ 
vices  packaged  in  evacuated  flatpacks  have  shown  aging 
characteristics  that  are  nearly  logarithmic  with  time, 
whereas  the  RTV-mounted  devices  were  more  nearly 
linear.  Consequently,  the  evacuated  devices  show  a 
more  rapidly  decreasing  aging  rate. 

Device  number  1 1  was  also  packaged  under  high 
vacuum,  but  it  is  unique  because  it  was  packaged  in  a 
standard  HC-36/  U  cold  weld  enclosure.  The  packag¬ 
ing  was  accomplished  at  the  United  States  Army  Elec¬ 
tronics  Command  in  Ft.  Monmouth,  New  Jersey, 
through  the  courtesy  of  Ted  Lukaszek  and  Bill  LeBus 
Device  11,  like  9  and  10,  had  aluminum  transducers 
underlaid  witha  flash  of  chrome.  Number  11  was  also 
strapped  onto  a  stainless  steel  backing  plate  with  gold 
wires  as  shown  in  Fig.  9.  The  final  cleaning  was  ac¬ 
complished  at  ECOM  using  standard  chemical  and  UV 
procedures.  13  The  device  was  placed  in  the  high 
vacuum  system  (~  10'8  torr)  and  baked  at  150°  C  for 
one  hour.  The  package  was  then  sealed  by  cold  weld. 
The  packaging  facility  at  ECOM  is  used  for  sealing 
state-of-the-art  bulk  wave  resonators,  so  it  is  rea¬ 
sonable  to  assume  that  device  11  is  packaged  under 
conditions  similar  to  that  of  good  bulk  wave  devices. 
Device  11  is  aging  upward  like  the  other  devices 
packaged  under  high  vacuum,  but  the  total  frequency 
drift  is  significantly  less.  Unlike  the  other  evacuated 
devices,  number  11  is  not  aging  logarithmically  but 
it  is  only  somewhat  sublinear. 

In  addition  to  the  various  packaging  schemes  that 
were  used,  Fig.  8  shows  that  several  other  parameters 
have  been  varied.  In  particular  the  two  chrome-gold 
devices  and  the  resonator  show  the  lowest  aging  of 
the  RTV  mounted  devices.  This  is  an  interesting  ob¬ 
servation  but  it  is  difficult  to  draw  any  conclusions 
since  the  packaging  was  not  clean.  Other  parameters 
which  may  affect  aging  are  the  type  of  surface  polish 
and  the  quality  of  the  quartz  material.  Devices  12  and 
13  were  made  on  substrates  having  a  chemical  - 
mechanical  polish,  and  device  13  was  made  on  a 
"pure  Z  growth"  material  rather  than  the  standard 
ultrasonic  grade  used  for  all  the  others.  Future  ex¬ 
periments  are  planned  to  evaluate  such  parameters 
as  types  of  metallization,  surface  polish  and  quality 
of  quarts,  but  it  is  difficult  or  impossible  to  reach 
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definite  conclusions  about  these  parameters  until 
packaging  and  cleaning  variables  are  eliminated. 
Experiments  are  in  progress  now  to  evaluate  the 
aging  of  the  SiC>2  /  LiTaC>3  structure  under  clean 
packaging  conditions. 
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Figure  1  Basic  Stabilized  Oscillator.  Stability 
is  determined  primarily  by  the  electri¬ 
cal  parameters  of  the  feedback  element. 


Figure  3  Measured  and  Calculated  FM  Noise  for  a 
Delay  Line  and  a  Resonator. 
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Figure  4  Fractional  Frequency  Deviation 

of  the  Delay  Line  Shown  in  Fig.  3. 


Figure  2  Optimum  phase  slope  as  a 

function  of  frequency  for  de¬ 
lay  lines  and  resonators  on 
ST -cut  quartz. 
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Figure  5 
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Figure  6  Comparison  of  FM  Noise  Between 
a  Commercial  5 -MHz  Oscillator 
Multiplied  to  310  MHz  and  a  310  MHz 
SAW  Resonator. 
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Figure  7  Temperature  Dependence  of  an  Si02/ 
LiTaC>3  Oscillator  Compared  to  an 
ST -Quartz  Oscillator. 
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SAW  Oscillator  Aging  Data 


Figure  8  Aging  Characteristics  of  SAW  Stabilized 
Oscillators. 
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Figure  9  Type  HC-36/  u  Holder  Showing 
SAW  Mounting  Arrangement. 
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Abstract 


Many  system  applications  require  coherent  frequency 
sources  In  the  UHF  frequency  range.  These  sources  can  be 
realized  by  SAW  oscillators  which  are  phase  locked  to  a 
low  frequency  system  reference.  The  SAW  oscillator  may 
be  implemented  as  either  a  delay  line  or  a  resonator  con¬ 
trolled  oscillator.  The  choice  depends  upon  a  number  of 
factors,  including  oscillator  noise  characteristics,  tem¬ 
perature  effects,  circuit  complexity  (cost),  and  ease  of 
phase  locking.  This  paper  describes  the  results  of  an 
experimental  comparison  between  delay  line  and  resonator 
oscillators  designed  for  use  as  phase  locked  frequency 
sources  in  the  UHF  frequency  range.  Phase  noise  measure¬ 
ments  for  each  type  of  oscillator  is  presented  and  compared 
with  the  noise  characteristics  of  a  contemporary  crystal 
oscillator. 

Results  of  this  study  show  that  simplifying  modifications 
can  be  made  in  the  design  of  conventional  delay  line  oscilla¬ 
tors  when  they  are  used  in  a  phase  locked  mode,  and  that 
the  delay  line  must  suppress  oscillation  primarily  at  the 
unwanted  harmonics.  The  use  of  a  two-part  phase  shifter 
to  compensate  for  variations  on  the  acoustic  phase  of  the 
delay  lines  from  unit  to  unit  is  discussed. 

Introduction 

Many  current  system  applications  require  coherent 
frequency  sources  in  the  UHF  frequency  range.  These 
sources  can  be  realized  by  surface  acoustic  wave,  SAW, 
oscillators  which  are  phase  locked  to  a  low  frequency  sys¬ 
tem  reference.  Figure  1  shows  a  block  diagram  for  a 
phase  locked  oscillator.  It  consists  of  a  voltage  controlled 
oscillator,  VCO,  which  operates  in  the  frequency  range  of 
Interest,  a  local  oscillator,  LO,  (system  reference)  which 
may  be  much  lower  in  frequency,  to  which  the  VCO  is  to  be 
locked  and  a  phase  detector  which  provides  an  output  signal 
proportional  to  the  phase  difference  between  the  VCO  and 
the  LO. 


It  is  the  purpose  of  this  paper  to  discuss  the  results  of 
a  comparative  study  of  the  DLO  and  the  1  PRO,  which  were  i 

considered  for  use  as  phase  locked  frequency  sources  in  j 

an  experimental  communications  system  and  the  results  of 
a  study  of  2  PRO'S  which  operated  at  similar  frequencies.  j 

As  many  of  the  design  considerations  for  the  free  running 
VCO  and  many  of  its  properties  determine  the  overall  j 

behavior  of  the  phase  locked  oscillator;  much  of  the  follow-  j 

ing  discussion  will  be  applicable  to  SAW  oscillators  in  1 

general.  However,  those  properties  which  are  peculiar  to  j 

the  phase  locked  environment  will  be  emphasized.  Before  j 

comparing  these  three  oscillator  types  an  individual  descrip-  S 

tion  of  each  will  be  given.  The  DLO  is  considered  first  and  j 

it  is  seen  that  the  constraints  on  the  delay  line  design!. 2  j 

are  somewhat  different  when  the  DLO  is  used  in  a  phase 
locked  application  than  when  used  as  a  stand  alone  oscillator.  : 

i 

The  Delay  Line  Oscillator  j 

The  DLO,  as  shown  in  Figure  2,  consists  of  an  ampli¬ 
fier  connected  to  a  feedback  loop  containing  a  SAW  delay 
line  and  two  phase  shifters,  one  fixed  or  static  fys)  and  one 
variable  or  dynamic  (<fD(V)). 

The  conditions  for  oscillation  are: 


A  L  P  =  1 

(la) 

9a  +  fiL  +  tf  =  2m  ir 

(lb) 

Where  A,  L  and  P  are  the  gains  and  6a,  6 l.  and  <f  are  the 
phases  of  the  amplifier,  delay  line  and  phase  shifters 
respectively,  (<p  =  y>  s+  yD(V)),  and  m  is  an  integer. 

The  phase  condition  (lb)  determines  the  frequencies 
of  oscillation  while  the  frequency  response  of  the  delay  line, 
using  (la),  suppresses  oscillation  at  all  but  one  of  the  pos¬ 
sible  oscillation  frequencies.  Frequency  variation  is  ob¬ 
tained  by  varying  the  input  voltage,  V,  to  the  dynamic 
phase  shifter,  <pd(V). 
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Figure  1.  A  Phase  Locked  Oscillator 

The  three  types  of  VCO  to  be  discussed  in  this  paper 
are  the  SAW  delay  line  (DLO),  SAW  two-port  resonator, 
(2-PRO),  and  SAW  one-port  resonator  (1-PRO)  oscillators. 
The  choice  of  one  of  these  three  oscillator  types  for  a 
particular  application  is  dependent  upon  several  factors 
Including,  long  term  drift  (aging),  medium  (temperature 
variation)  and  short  term  (noise)  stability,  olrcuit  complex¬ 
ity,  ease  of  device  fabrication  and  frequency  settabillty. 


Figure  2.  Delay  Line  Oscillator  Showing  Stripline/ 
Microstrip  Phase  Shifter 

The  dominant  term  in  (lb)  is  9l  =  2xf  t,  where  t  is  the 
time  delay  of  the  delay  line.  Thus,  the  possible  oscillation 
frequencies,  fm>  are  given  by 


<®A+  *s+  *D 

- It - 
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and  the  spacing  between  adjacent  oscillation  frequencies  is 


Af 


m+1 


-  f 

m 


1/t 


(3) 


As  was  indicated  above  suppression  of  oscillation  at  all  but 
the  desired  frequency,  fb,  is  accomplished  by  tailoring 
the  delay  line  amplitude  response  so  that  its  transmission 
peaks  only  at  fo.  The  insertion  loss  at  the  other  values  of 
fm  must  be  large  enough  so  that  (la)  is  not  satisfied.  This 
is  usually  accomplished  using  a  geometry  described  by 
Lewis,1  consisting  of  a  broadband  input  transducer  with  a 
thinned  narrowband  transducer  (tapped  array)  at  the  output. 
Under  ideal  conditions  this  provides  suppression  of  all  but 
the  desired  modes.  However,  due  to  fabrication  errors, 
mass  loading,  and  circuit  phase  effects,  (time  delay  or 
phase  shift  resulting  from  the  transducer)  this  ideal  mode 
suppression  is  rarely  realized  in  practice.  We  have  found, 
however,  that  imperfect  mode  suppression  is  adequate  if 
the  adjacent  modes  are  at  least  10  dB  down  relative  to  the 
insertion  loss  at 

In  a  phase  locked  implementation  the  constraints  on  the 
oscillator  change.  Mode  suppression  is  most  critical  at 
frequencies  which  correspond  to  the  possible  lock  frequen¬ 
cies,  fi,,  which  are  integral  multiples  of  the  system  refer¬ 
ence  frequency. 


where  1  is  an  integer  and  fR  is  the  system  reference.  This 
suppression  can  be  achieved  using  a  Lewis  type  delay  line 
but  it  can  also  be  realized  using  two  periodic  transducers 
whose  null  bandwidth  is  2  fR.  Consequently,  the  time  length 
of  each  transducer  is 

tIDT  =  1/fR 

For  the  Lewis  design  the  time  delay,  r ,  of  the  delay 
line  is  equal  to  tidT  of  the  narrowband  transducer.  How¬ 
ever,  we  have  found  in  practice  that  10  dB  of  mode  suppres¬ 
sion  is  sufficient  to  suppress  unwanted  modes.  Thus,  it 
is  poss.ble  to  increase  r  for  a  delay  line  consisting  of  two 
uniform  periodic  transducers  up  to  a  maximum  of  1.8  tidT- 
This  can  be  seen  by  referring  to  Figure  3  in  which  the 
normalized  insertion  loss  of  an  ideal  delay  line  with  two 
identical  transducers  of  length  tidt  is  plotted.  The  10  dB 
line  (shown  dotted)  intercepts  the  main  lobe  at  frequencies 
whose  separation  is  2Af  is  related  to  fR  by 

fR/Af  «  1.8 

using  (3)  to  substitute  for  Af  gives  the  result  t*1.8t  IDT. 

In  a  phase  locked  oscillator  it  is  necessary  that  t  *  1/fR. 
This  prevents  the  adjacent  lock  frequencies  from  coinciding 
with  possible  values  of  fm-  The  mode  suppression  con¬ 
straint  can  be  relaxed  as  oscillation  at  an  adjacent  mode 
frequency  will  not  null  the  output  of  the  phase  detector  and 


Figure  3.  The  Relation  Between  r[DT  and  rmax 


the  lock  circuitry  will  pull  the  oscillator  until  the  loop  mode 
hops  to  the  desired  frequency.  Some  care  must  be  taken, 
if  the  phase  locking  circuitry  is  required  to  aid  in  the  mode 
suppression,  to  Insure  that  the  phase  variation  under  volt¬ 
age  control  is  sufficient  to  drive  the  loop  to  a  frequency 
where  it  can  no  longer  oscillate.  Otherwise,  the  loop  can, 
as  indicated  by  Browning,  et.  al.  ,3  remain  oscillating  on 
the  unwanted  mode  and  the  oscillator  will  not  achieve  phase 
lock. 

Delay  lines  using  both  the  Lewis  type  design  and  the 
Identical  transducer  design  just  discussed,  were  constructed 
during  this  study.  Figure  4  shows  the  measured  insertion 
loss  and  the  insertion  phase  (@l)  of  two  delay  lines  with 
identical  transducers  operating  at  313. 75  and  393.75  MHz. 
TIDT  =  0. 833  microseconds  was  chosen.  This  is  slightly 
larger  than  the  theoretical  value  to  Insure  the  suppression 
of  the  adjacent  lock  frequencies  despite  variations  in  tem¬ 
perature.  The  transducers  had  double  electrodes  and  t  - 
1. 1  microsecond  or  1.3  t jdT.  The  loop  mode  frequencies 
occur  at  the  frequencies  where  0L(f) =  6L(fo).  At  those 
frequencies  the  Insertion  loss  is  substantially  greater  than 
10  dB  and  the  suppression  level  is  at  least  40  dB  at  the  lock 
frequencies. 
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Figure  4.  Measured  Insertion  Loss  of  Two  Oscillator 
Delay  Lines  Using  Identical  Uniform  Periodic  Transducers 

While  the  delay  line  phase  is  the  largest  term  in  Eq. 
(lb),  <p  is  critical  in  determining  the  oscillation  frequency. 
The  function  of  the  phase  shifter  is  to  provide  a  voltage 
dependent  variation  in  the  loop  phase  enabling  the  oscillator 
to  be  phase  locked.  However,  this  is  really  two  separate 
processes.  The  first  is  to  pull  the  oscillator  up  to  the 
desired  lock  frequency  by  compensating  for  transducer  cir¬ 
cuit  effects,  fabrication  defects  and  any  other  permanent 
perturbation  in  the  loop  phase,  and  the  second  is  to  compen¬ 
sate  for  the  phase  shifts  due  to  variations  of  ambient  tem¬ 
perature,  the  affect  the  delay  line,  the  amplifier  and  the 
phase  shifter  itself,  and  shifts  due  to  delay  line  aging.  As 
such,  the  phase  shifter  can  be  divided  into  two  parts,  these 
were  shown  in  Figure  2  as  a  static  phase  <t>s  and  a  dynamic 
one  $d(V).  The  dynamic  shifter  must  compensate  for  all 
of  the  time  dependent  phase  shifts  in  the  loop  consequently 
its  maximum  phase  vlaratlon,  ApDmax  ,  must  be  greater 
than  the  expected  time  dependent  phase  shift  in  the  loop  in 
order  to  maintain  phase  lock.  The  changes  in  0i,due  to 
aging  and  temperature  variation  are  usually  the  largest 
contribution  to  changes  in  the  total  loop  phase,  however, 
temperature  variations  of  the  amplifier  and  of  the  phase 
shifter  itself  must  also  be  considered.  The  variation  of 
the  frequency  due  to  changes  in  the  elements  of  the  oscilla¬ 
tion  loop  is  obtained  by  taking  differentials  of  Eq.  (2)  and 
using  (lb). 

Af  . 

"T  “  07  <A9L+AeA+A^  <5> 

m  L 

Afm/f  m  *  0  in  a  phase  locked  system  and  consequently, 
A?d  =  -  (A0l  +  A0a  +  A?s)  (6) 
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Since  the  two  circuit  terms  A0a  and  Acs  are  expected 
to  be  small  (6)  reduces  to  the  condition 


A  <P 


Dmax 


(7) 


The  LHS  of  Eq.  (7)  is  usually  fixed  by  the  design  of  the 
phase  shifter.  Voltage  variable  shifters  with  Ay>Dmax  - 
it  are  difficult  to  design  with  a  flat  amplitude  response,  and 
good  temperature  stability.  Consequently,  it  is  desirable 
to  limit  the  amount  of  phase  shift  required  as  much  as  pos¬ 
sible.  Eq.  (7)  gives  a  relation  between  A(pijmax  and  the 
length  of  the  delay  line.  Rearranging  Eq.  (7)  gives  a  rela¬ 
tion  between  AyDmax  and  N  the  length  of  the  delay  line  in 
wavelengths . 


N  -A<f  /2ff 
Dmax 


A  6  ■ 


(8) 


Figure  5  is  a  plot  of  N  vs  A0l/0L  with  A^Dmax  in 
degrees  as  a  parameter.  A  limit  on  delay  line  length  result¬ 
ing  from  the  expected  variation  of  8 l  with  temperature  and 
the  design  value  of  Ay>Dmax  can  be  obtained  from  Figure  5. 


Figure  5.  The  Relation  Between  Delay  Line  Length  and 
Fractional  Phase  Change  for  Several  Values  of  A 

Dmax 


Figure  6.  Change  in  FM  Range  of  a  Delay  Line  Oscillator 
Over  Temperature 

Some  care  must  be  taken  to  insure  that  the  range  of 
total  loop  phase  values  required  to  maintain  phase  lock 
falls  within  the  range  of  phase  values  covered  by  the  dynamic 
phase  shifter.  This  situation  is  analogous  to  the  biasing  of 
a  transistor  at  a  specific  operating  point.  Figure  6  shows 
the  pulling  range  of  a  DLO  for  V  between  0  and  10  volts  at 
T  25,  55  and  95°C.  The  loop  phase  has  been  adjusted  so 
that  despite  changes  in  temperature,  fo  still  falls  within  the 
pulling  range  of  the  oscillator.  This  is  accomplished  by 
setting  0s  to  a  value  which  gives  oscillation  at  fo  at  between 
50  and  100  kHz  above  the  low  frequency  end  of  the  pulling 
range.  If  no  static  phase  shifter  is  used  then  the  phase  of 


the  delay  line  must  be  controlled  with  sufficient  accuracy 
to  obtain  this  same  pulling  range  characteristic.  This 
requires  delay  line  reproducibility  of  ±80  ppm.  This  is  not 
currently  practical  as  metallization  thickness  and  crystal 
orientation  inaccuracies  will  in  general  exceed  this  tolerance. 
Setting  the  loop  phase  to  the  proper  value  is  accomplished 
by  including  a  static  phase  shifter.  We  implemented  this 
phase  shifter  by  a  combination  strip  line/microstrip  mean¬ 
der  line  structure  which  is  shown  in  Figure  2.  The  phase 
was  varied  by  selectively  making  and  breaking  intercon¬ 
nections  between  the  sections  of  the  meanderline.  Note, 
the  static  shifter  must  be  isolated  from  the  dynamic  phase 
shifter,  otherwise  the  reactive  load  of  the  static  shifter  and 
transducer  combination,  which  changes  as  the  phase  shift 
is  varied,  can  cause  the  dynamic  phase  shifter's  character¬ 
istics  to  vary,  resulting  in  changes  in  the  FM  characteristic 
of  the  VCO. 


THE  SAW  TWO- PORT  RESONATOR  OSCILLATOR 

The  SAW  two-port  resonator4  (2-PR)  is  in  many 
respects  similar  to  the  delay  line.  It  is  essentially  a  delay 
line  whose  characteristics  are  modified  by  the  presence  of 
two  reflective  gratings  which  surround  the  transducers  of 
the  delay  line.  As  such  its  use  in  an  oscillator  is  similar 
to  the  DLO.  These  are  however  three  major  differences. 

1)  A  high  Q  2-PR  is  extremely  narrowband,  2)  the  insertion 
phase  slope  while  constant  outside  the  passband  becomes 
quite  steep  over  the  operating  bandwidth  and  3)  because  of 
the  energy  confining  effects  of  the  grating  the  insertion  loss 
can  be  potentially  0  dB.  Figure  7  shows  the  insertion  loss 
of  a  typical  2-PR  fabricated  on  ST  quartz  using  shorted  metal 
electrode  gratings.  The  narrowband  response  (3  dB  band¬ 
width  =  46  kHz)  and  the  steep  phase  slope  can  be  easily  seen. 
This  2-PR  has  a  loaded  Q  of  8600  at  394  MHz. 


Figure  7.  Measured  Response  of  a  Two-Port  SAW 

Resonator  Fabricated  on  ST  Quartz  Using  Shorted 
Metal  Electrode  Gratings 

The  low  insertion  loss  and  high  Q  of  the  two-port  reso¬ 
nator  make  it  potentially  useful  as  a  stable  stand  alone  fre¬ 
quency  source.  However,  its  extremely  narrow  bandwidth 
makes  it  difficult  to  fabricate  devices  which  oscillate  at  the 
phase  lock  frequency  fo  and  which  c8n  hold  that  frequency 
over  temperature.  For  example,  Figure  8  shows  the  mea¬ 
sured  Insertion  loss  of  the  delay  line  used  in  this  study 
compared  to  the  response  of  the  2-PR  resonator.  Note  the 
delay  line  has  a  Q  of  2500  and  a  3  dB  bandwidth  of  1.3  MHz. 
The  2-PR  has  a  Q  of  8600  and  a  3  dB  bandwidth  of  46  kHz. 
Even  with  a  Q  of  2500  the  3  dB  bandwidth  would  only  be  160 
kHz,  and  this  lower  Q  value  can  be  achieved  only  at  the 
expense  of  Increased  Insertion  loss. 

The  application  for  which  the  phase  locked  oscillators 
were  being  studied  did  not  allow  the  use  of  an  oven  to  tem¬ 
perature  stabilize  the  SAW  device.  Thus  the  question  of  the 
applicability  of  the  2-PRO  as  the  VCO  in  a  phase  looked 
oscillator  depends  upon  the  ability  to  bold  oscillation  at  fo 
over  the  temperature.  Our  two-port  oscillators  were  found 
to  drift  by  140  kHz  over  the  0  -  100°C  range  specified  for 


this  application.  As  this  is  greater  than  their  46  kHz  band¬ 
width  they  would  not  be  suitable  without  some  improvement 
in  the  temperature  stability.  The  question  of  temperature 
stability  will  be  discussed  further  below. 


2  PORT  RESONATOR 


I 


Figure  8.  Comparison  of  Passband  Width  Between  the 
2-Port  Resonator  and  an  Oscillator  Delay  Line 

THE  SAW  ONE-PORT  RESONATOR  OSCILLATOR 

An  alternative  to  the  delay  line  oscillator  is  the  SAW 
one-port  resonator  oscillator.  The  one-port  resonator5 
(1-PR)  is  analogous  to  the  bulk  crystal  resonator  and  can  be 
used  to  build  oscillators  in  a  similar  manner.  The  1-PR 
has  the  same  narrowband  nature  of  the  2-PR  however, 
through  the  use  of  spreading  coils  the  pulling  range  of  the 
oscillator  can  be  increased. 
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Figure  9.  Series  Transmission  Measurement  of  a  One-Port 
Resonator  Which  is  Shunted  by  a  Coil  to  Resonate  the  Static 
Capacitance  of  the  Transducer 

One  means  of  determining  the  properties  of  a  1-PR  is 
to  measure  its  frequency  response  as  a  series  transmission 
element  in  a  50  fi  system.  This  is  a  particularly  appropri¬ 
ate  means  of  measuring  the  properties  of  the  resonator  as 
it  is  often  used  as  a  series  feedback  path  in  many  oscillator 
designs.  Figure  9  shows  the  measured  response  of  a  SAW 
resonator  which  is  shunted  by  a  coil  to  resonate  out  the  ef¬ 
fects  of  both  stray  capacitance  and  the  static  capacitance 
of  the  trans.:  icer.  This  plot  indicates  the  major  differences 
between  this  type  of  device  and  the  delay  line.  The  minimum 
insertion  loss  if  5  dB  instead  of  the  15  -  30  dB  usually  seen 
in  delay  lines,  and  the  insertion  phase  is  not  linear  with 
frequency  except  over  several  separate  frequency  regions. 
Two  of  these  regions  are  of  particular  interest  for  the 
oscillator  designer.  The  region  about  series  resonance  is 
the  region  where  the  stcepe;  t  phase  slope  occurs  and  the 
transmission  peaks.  The  resonant  Q  measured  from  the 
slope  of  the  phase  is  4650.  This  region  which  is  200  kHz 
wide  is  the  region  over  which  the  oscillator  would  have  the 
best  short  term  stability,  due  to  the  high  Q,  and  low  Insertion 
loss.  A  properly  designed  stand  alone  oscillator  should 
operate  in  this  region.  In  a  phase  locked  oscillator  the 
stability  of  the  reference  oscillator  determines  the  stability 


of  the  VCO.  Thus  tte  requirement  that  the  oscillator  be 
capable  of  maintaining  the  phase  lock  frequency  over  tem¬ 
perature  is  the  most  critical,  and  the  oscillator  may  be  op¬ 
erated  in  the  region  below  resonance  where  a  400-500  kHz 
pulling  range  is  obtainable.  A  resonator  was  placed  in  a 
standard  Clapp  type  transistor  oscillator  circuit.  The  cir¬ 
cuit  is  shown  in  Figure  10.  The  frequency  is  varied  by 
changing  the  varactor  control  voltage,  V.  Buffer  amplifiers 
were  used  to  isolate  the  oscillator.  The  final  oscillator 
constructed  had  two  outputs  each  with  a  7  dBm  signal  level 
and  80  dB  of  suppression  of  the  system  reference  and  its 
modulation  products. 


Figure  10.  SAW  Resonator  Oscillator  Circuit  Diagram 
COMPARISON  OF  OSCILLATOR  TYPES 

The  decision  as  to  which  type  of  oscillator  to  use  de¬ 
pends  upon  a  number  of  factors.  These  include  sensitivity 
to  variations  in  fabrication,  ease  of  fabrication,  circuit 
complexity,  the  noise  characteristics  of  the  free-running 
oscillator  and,  in  particular,  for  a  phase-locked  source, 
temperature  variation  of  frequency  and  the  ability  to  main¬ 
tain  phase  lock  despite  variations  in  temperature  and  long 
term  drift.  The  main  results  of  this  study  were  to  shed 
some  light  on  these  factors. 

Fabrication 

Several  factors  in  the  fabrication  process  were  found 
to  impact  on  the  delay  line  performance.  Pattern  defects 
consisting  of  broken  fingers  did  not  appear  to  change  the 
insertion  loss  characteristic  although  shorts  between  elec¬ 
trodes  which  were  large  compared  to  a  finger  width  rendered 
the  device  inoperative.  Control  of  metal  thickness  to  within 
100  A°of  the  nominal  value  was  found  to  be  necessary  to 
insure  that  the  measured  center  frequency  corresponded  to 
the  design  value.  Table  1  gives  measured  values  ol  fo  for 
delay  lines  with  differing  metal  thicknesses.  As  can  be  seen 
the  center  frequency  changed  by  approximately  200  kHz  when 
the  thickness  was  changed  by  300  A0.  This  is  a  much  greater 
shift  than  is  predicted  by  theory.  The  1650  A°  devices  were 
built  using  a  different  photomask.  The  313  MHz  delay  line  wai 
found  to  have  a  stripe  to  gap  ratio  less  than  1:1  which  caused 
the  frequency  be  the  same  as  seen  for  a  1500  Ao  metalizntion. 
The  1500  AO  devices  had  a  stripe  to  gap  ratio  close  to  1:1. 


Table  1 


Metal  Thickness 

f  (313.75) 

f  (393.75) 

(AO) 

(MHz) 

(MHz) 

1500 

313,96 

393.  92 

1650* 

313.91 

393.66 

1800 

313.57 

393.55 

*A  new  mask  was  used  for  the  1650  Ao  devices. 
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Initially  by  chemically  etching  the  1800  A  thick  metal- 
lizations  lines  with  the  correct  center  frequency  were  ob¬ 
tained.  Currently  the  1650  A0  devices  which  are  as  much 
as  200  kHz  high  have  been  used.  This  is  possible  because 
the  center  frequency  tends  to  decrease  with  temperature 
allowing  the  DLO  to  hold  phase  lock.  Delay  lines  with 
center  frequencies  which  are  low  are  not  useable. 

The  sensitivity  to  shorts  of  the  resonator  geometry  is 
limited  to  the  transducer  regions  which  comprise  only  a 
small  fraction  of  the  device  geometry.  The  gratings  which 
consist  of  shorted  metal  electrodes  are  relatively  immune 
to  such  defects.  However,  the  two  resonators  are  narrow 
band  devices  and  metal  thickness  and  stripe  to  gap  varia¬ 
tions  can  cause  shifts  in  the  resonant  frequency.  For  ex¬ 
ample,  the  resonant  frequencies  of  a  group  two-port 
resonators  which  were  fabricated  on  the  same  substrate 
were  found  to  vary  by  as  much  as  65  kHz.  This  variation 
is  1.3  times  the  3  dB  bandwidth  of  the  2-PR's. 

The  delay  line  presents  a  somewhat  greater  problem  in 
photolithography.  In  order  to  suppress  electrode  reflections 
which  can  seriously  distort  the  passband  shape,  double 
electrode  transducers  are  necessary.  Double  electrodes 
require  greater  line  width  resolution  for  pattern  definition. 

1  his  increased  resolution  requirement  has  not  been  a  serious 
problem  at  393  MHz,  but  it  does  render  the  device  more 
difficult  to  fabricate  and  increases  the  incidence  of  fabrica¬ 
tion  defects.  The  resonators  however,  are  essentially 
single  electrode  structures  and  the  line  widths  are  twice 
that  of  the  delay  line. 


Temperature  Effects 

The  frequency  of  a  phase  locked  oscillator  does  not  vary 
with  temperature  as  long  as  the  locking  circuitry  is  capable 
of  compensating  for  the  changes  in  the  SAW  element  and  in 
the  auxiliary  circuit.  While  the  dominant  variation  with 
temperature,  resulted  from  phase  changed  in  the  SAW  ele¬ 
ment,  the  gain  of  the  amplifiers  and  dynamic  phase  shifters 
was  seen  to  decrease.  This  resulted  in  a  decrease  in  the 
pulling  range  of  the  oscillator.  This  can  be  seen  in  Figure 
6  where  at  25°C  the  fm  range  is  34C  kHz  while  at  95°C  this 
has  been  reduced  to  250  kHz. 

Both  the  DLO  and  the  1-PRO  had  sufficient  fm  capability 
to  maintain  phase  lock  from  0  to  100°C.  However,  the  2- 
PRO  did  not.  The  2-PRO  pulls  140  kHz  over  the  temper¬ 
ature  range.  If  the  lock  frequency  Is  70  kHz  above  fo  at 
T0  then  at  T  =  T,  and  at  T  =  100°  where  the  passband  will 
have  shifted  so  that  fo  is  70  kHz  below  center  frequency. 
Then  the  insertion  loss  will  have  decreased  by  12  dB.  Un¬ 
less  this  much  excess  gain  is  included  in  the  loop  the  oscil¬ 
lator  will  not  hold  phase  lock  over  temperature. 

The  change  in  acoustic  phase  with  frequency  results 
from  the  variation  of  SAW  velocity  with  temperature  which 
is  a  property  of  the  choice  of  crystal,  crystal  orientation 
and  the  fractional  surface  metallzatlon.  The  SAW  devices 
used  in  this  study  were  fabricated  on  rotated  Y-cu t  quartz. 
ST-cut  quartz  was  used  for  the  delay  lines  and  the  2  PR's 
and  a  5°  rotation  from  ST  was  used  for  the  1  PR's.  The 
measured  zero  slope  temperature,  To,  and  second  order 
temperature  coefficient  of  frequency,  C2,  are  given  in 
Table  II,  for  these  devices. 

T0  is  reduced  In  these  devices  because  of  large  frac¬ 
tional  surface  metallzatlon.?  The  temperature  character¬ 
istics  of  each  device  did  not  depend  upon  the  type  of  device 
but  instead  upon  the  physical  parameters  of  metal  thickness 
and  crystal  orientation.  With  careful  choice  of  that  orienta¬ 
tion  T0  =  50  can  be  realized  for  each  device  type  thus  mini¬ 
mizing  the  phase  variation.  With  T0  =  50  the  drift  of  the  2 
PRO  from  0  -  100°C  would  not  exceed  Its  3  dB  bandwidth. 


Table  II. 


Device  Type 

Orientation* 

T  (°C) 

O  ' 

C2 

ppm/(°C)2 

I  —  I 

1  f  1  max 
(0-100°C) 

Delay  Line 

ST  (42.  75°) 

-18.6 

-.035 

492  ppm 

1-port 

Resonator 

37.7° 

31.2 

-.032 

151  ppm 

2-port 

Resonator 

ST  (42.  750) 

-12.9 

-.028 

357  ppm 

♦Orientation  given  in  the  notation  of  Ref.  8. 


Short  Term  Stability 

Measurements  were  made  of  the  short  term  stability 
of  each  of  these  three  oscillator  types.  The  measurement 
was  made  using  the  apparatus  shown  on  the  left  of  Figure  11. 
For  this  measurement  two  oscillators  are  required.  One 
is  configured  as  a  fixed  oscillator  while  the  second  is  a 
voltage  variable  oscillator  which  is  phase  locked  to  the  first 
oscillator.  A  quadrature  mixer  is  used  to  beat  the  two  sig¬ 
nals  together  90°  out  of  phase.  The  resulting  signal  is  un¬ 
correlated  noise  which  is  then  fed  into  a  low  frequency 
spectrum  analyzer. 


FREQUfNCY  OFFSFT  FROM  CARRIER  (HU 


Figure  11.  Measured  SSB  Phase  Noise  for  Three  Types  of 
SAW  Oscillator.  The  response  for  a  crystal  oscillator  is 
shown  for  comparison.  The  data  has  been  normalized  to 
393  MHz. 

Figure  11  shows  the  measured  single  sideband  phase 
noise  to  signal  ratio  (dBc  in  a  1  Hz  bandwidth)  of  SAW  393 
MHz  one-port  and  two-port  resonator  oscillators,  a  313 
MHz  delay  line  oscillator  and  a  standard  82  MHz  crystal 
oscillator.  The  noise  spectra  of  the  DLO  and  the  crystal 
oscillator  has  been  normalized  to  393  MHz  to  give  a  more 
meaningful  comparison. 

As  can  be  seen  in  Figure  11  all  four  osciUator  types 
show  comparable  noise  spectra  out  to  about  2000  Hz.  Be¬ 
yond  this  frequency  the  1-PRO  joins  a  noise  floor  at  -116 
dBc  while  the  other  three  spectra  continue  to  decrease  till 
they  Join  noise  floors  at  134,  143  and  145  dBc  for  the  crystal 
oscillator,  DLO  and  the  2-PRO  respectively. 

According  to  the  theory  of  Lewis1  the  noise  character¬ 
istic  of  a  DLO  (and  also  the  2-PRO)  is  improved  by  using  a 
higher  Q,  lower  insertion  loss  element.  Thus  the  2-PRO 
because  it  has  both  of  these  properties  has  the  potential  to 
produce  a  superior  noise  characteristic.  However,  in 
Figure  11,  the  2-PRO  noise  characteristic  is  seen  to  be 
2-4  dB  higher  than  that  of  the  delay  line.  The  reason  the 
delay  line  characteristic  is  lower  is  not  fully  understood  at 
present.  One  problem  which  was  encountered  in  making 
this  measurement  was  the  difficulty  of  obtaining  two  devices 
with  the  same  center  frequency.  The  two  devices  used  had 
center  frequencies  which  differed  by  10  kHz  and  the 
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measurement  was  made  with  both  oscillators  tuned  to  a 
frequency  in  between.  This  results  In  a  small  increase  in 
the  insertion  loss  of  each  device. 

Q 

The  theory  of  Leeson  for  the  crystal  oscillator  which 
can  be  applied  to  the  1-PRO  indicates  that  the  phase  noise 
spectrum,  S<p(f),  as 


V>=  f+  2^f_  _1+(2Q°f  )  _  <9> 


where  a  is  a  constant  dependent  upon  the  choice  of  ampli¬ 
fier,  F  is  the  noise  figure,  K,  Boltzmann’s  constant,  Ps 
is  the  power  level  at  the  amplifier  input,  and  fm  is  the  fre¬ 
quency  offset  from  the  carrier.  From  this  it  is  seen  the 
noise  floor  of  the  two-sided  spectrum  is  2  FKT/ps  and  the 
l/F2  portion  of  the  curve  joins  this  noise  floor  at  f  =  £o/2Q. 
Note,  Q  is  the  loaded  Q  of  the  resonator  in  the  oscillator 
circuit. 

The  frequency  at  which  the  resonator  oscillator  spectrum 
joins  the  noise  floor  indicates,  using  Eq.  (9),  the  loaded  Q 
for  the  feedback  path  including  the  SAW  device  is  79, 000. 

This  value  is  about  10  times  the  Q  of  the  resonator.  Thus, 
it  appears  that  there  is  some  internal  or  external  noise 
source  which  has  increased  the  noise  floor  and  is  masking 
the  actual  oscillator  characteristics. 

Each  of  these  three  oscillator  types  has  been  shown  to 
be  capable  of  use  as  a  low  noise  frequency  source.  How¬ 
ever,  both  of  the  resonator  oscillators  require  further  effort 
to  fully  realize  their  capability  for  good  short  term  stability. 


CIRCUIT  COMPLEXITY 

The  two  factors  which  impact  on  the  complexity  of  the 
circuitry  are  the  insertion  loss  of  the  SAW  element  and  the 
method  by  which  the  insertion  phase  of  the  SAW  device  is 
adjusted  to  maintain  oscillation  at  the  proper  frequency. 

The  two  resonators  because  of  their  inherently  lower  inser¬ 
tion  loss  required  fewer  stages  of  gain  in  the  feedback  path. 
The  1-PRO  circuit  as  shown  in  Figure  10  consisted  of  only 
a  single  stage  transistor  amplifier.  In  contrast  three  9  dB 
modular  amplifiers  were  needed  to  overcome  the  high  in¬ 
sertion  loss  of  the  delay  line. 

The  inability  to  fabricate  the  delay  lines  with  sufficiently 
small  phase  tolerances  required  the  use  of  a  static  phase 
shifter.  This  shifter  requires  extra  circuit  board  space  and 
must  be  set  individually  for  each  device.  The  two-port 
resonator  because  it  is  essentially  a  narrowband  delay  line 
would  require  a  similar  type  of  phase  shifter  arrangement. 
Adjustment  of  the  phase  shifter,  however,  can  only  be  ef¬ 
fective  if  the  desired  frequency  falls  within  the  resonator 
passband.  The  1-PR  does  not  require  this  type  of  adjust¬ 
ment.  It  functions  as  a  reactive  element  whose  impedance 
takes  on  a  limited  range  of  values  near  the  acoustic 
resonance.  Consequently,  the  frequency  adjustment,  assum¬ 
ing  the  SAW  device  is  resonant  at  the  correct  frequency  is 
much  simpler  to  implement. 

Conclusion 

As  a  stable  stand  alone  frequency  source  the  two  reso¬ 
nator  oscillators  have  the  greatest  potential  because  of  their 
higher  Q  and  lower  insertion  loss.  However,  for  a  phase 
locked  application  the  two-port  resonator  is  not  suitable. 

The  one-port  resonator  is  similarly  unsuitable  if  operation 
in  its  narrowband  high  Q  region  is  required. 


However  if  a  lower  Q  element  is  acceptable  a  1-PRO  can 
provide  a  pulling  range  sufficient  to  be  useful  as  a  phase 
locked  source.  Comparison  of  the  one-port  resonator  and 
the  delay  line  indicates  they  are  comparable  in  physical  size 
but  the  static  phase  shifter  required  by  the  delay  line  neces¬ 
sitates  utilization  of  more  circuit  card  area  and  individual 
adjustment  of  each  device.  The  higher  insertion  loss  of  the 
delay  line  also  requires  greater  amplifier  gain. 

Thus  while  both  the  delay  line  and  the  one-port  resonator 
oscillators  were  found  to  be  capable  of  satisfying  the  require¬ 
ments  of  tne  phase  locked  implementation  under  considera¬ 
tion,  the  SAW  resonator  oscillator  is  felt  to  be  the  more 
advantageous  approach. 
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300  MHz  OSCILLATORS  USING  SAW  RESONATORS  AND  DELAY  LINES 


E.  J.  Staples  and  T.  C.  Llm 
Science  Center,  Rockwell  International 
Thousand  Oaks,  California  91360 


The  design  and  performance  of  fundamental  mode 
crystal  oscillators  utilizing  SAW  resonators  and  delay 
lines  at  300  MHz  is  presented.  Emphasis  is  on  the 
measurement  of  phase  noise  close  to  the  carrier  (1  Hz 
to  10  kHz),  and  it  is  shown  that  the  SAW  resonator 
oscillator  possesses  lower  phase  noise  than  comparable 
delay  line  oscillators.  The  lower  phase  noise  of  these 
oscillators  is  a  direct  consequence  of  the  higher  Q  or 
phase  slope  achieved  in  the  feedback  network  of  the 
oscillator  circuit.  Experimental  measurements  of  fre¬ 
quency  domain  phase  noise  S.(f)  and  time  domain 
stability  o  (2,t)  for  SAW  delay  line  and  resonator 
oscillatorsywill  be  compared  and  discussed. 


f  .  The  fluctuations  are  given  in  the  time  domain  by 
by  the  fractional  frequency  stability. 


Y  =  V  o2(n,t) 


where  o  (N,t)  is  the  variance  of  N  adjacent  samples  of 
the  average  frequency  and  t  is  the  averaging  time. 


If  the  oscillation  is  described  by 


V(t)  =  Vosln|^TTfo  +  <|>(t)J 


Introduction 

An  important  new  circuit  application  to  evolve 
from  present  surface  wave  technology  is  in  the  area  of 
oscillator  frequency  control.  Recent  literature  has 
shown  that  a  surface  wave  delay  line  can  be  used  as 
the  feedback  element  of  an  RF  oscillator  for  genera¬ 
tion  of  moderate  to  wide  bandwidth  frequency-modulated 
signals  in  the  VHF/ITHF  range.  The  surface  wave  delay 
lines  used  to  stabilize  the  oscillator's  frequency  can 
be  designed  to  have  Q's  in  the  range  between  those  of 
crystal  and  LC  resonators  used  in  other  oscillator  cir¬ 
cuits.  The  frequency  stability  that  can  be  achieved 
with  the  delay  line  oscillator  is  limited  by  the  delay 
line  phase  slope  or  Q.  As  will  be  shown  in  this  paper, 
this  limitation  can  be  reduced  by  the  use  of  a  SAW 
resonator  in  the  feedback  loop  of  the  oscillator.  In 
this  case,  the  stability  of  the  oscillator  depends  on 
the  Q  of  the  SAW  resonator  which  can  be  made  con¬ 
siderably  higher  than  delay  lines,  i.e.,  typically 
30,000.  An  important  advantage  of  SAW  resonator- 
controlled  oscillators  is  that  tney  can  be  fabricated 
at  frequencies  as  high  as  1  GHz;  hence,  stable  oscilla¬ 
tors  can  be  built  for  fundamental  frequency  operation 
well  into  the  UHF  range.  This  eliminates  the  need  for 
a  complex  frequency  multiplier  chain  and  greatly 
reduces  the  harmonic  content  and  phase  noise  of  the 
output  signal. 

The  purpose  of  this  paper  is  to  present  the 
results  of  a  recent  survey  of  SAW  oscillator  per¬ 
formance  made  at  the  Rockwell  Science  Center.  The 
relative  stability  of  SAW  oscillators  compared  to  the 
bulk  oscillators  has  until  recently  not  been  well 
known  partially  through  a  lack  of  commercially- 
available  measurement  equipment  and  also  because  of 
the  discovery  only  recently  of  high  Q  SAW  resonance 
phenomena  Itself.  In  this  paper  stability  is  defined 
in  terms  of  time  and  frequency  domain  measurements  per¬ 
formed  on  the  HP  5390  stability  analyzer.  Both  contain 
the  same  information  but  viewed  through  a  different 
perspective.  The  relative  stability  of  SAW  oscilla¬ 
tors  to  that  of  bulk  oscillators  is  now  available  as  a 
benchmark  for  future  researchers  and  system  designers. 
At  the  present  time  SAW  oscillators  are  not  as  stable 
as  bulk  oscillators.  However,  it  is  possible  to 
improve  the  SAW  oscillator  by  careful  fabrication  tech¬ 
niques. 

Frequency  Stability 


and  the  fractional  frequency  offset  by 


■  $£■ 


the  stability  may  be  described  in  the  frequency  domain 
by  the  spectral  density  of  y(t)  which  is  then  related 
to  the  spectral  density  of  phase,  S,  (f)  or  frequency 
Sr(f)  by  * 


where  f  is  the  frequency  offset  from  fQ. 

The  frequency  stability  of  any  feedback  oscillator 
depends  on  the  following: 

(a)  The  stability  of  the  feedback  element 
(Tesonator)  as  a  function  of  time  (aging) , 
pressure,  temperature,  drive  level,  and 
vibration 

(b)  The  Q  of  the  feedback  element 

(c)  Perturbations  in  the  amplifier  and  feedback 
element  by  noise  sources 

Short-term  stability  is  predominantly  Influenced 
by  the  last  two  factors.  Because  of  limiting  in  the 
oscillator,  the  exact  solution  for  short-term  stability 
is  a  complex  solution  related  to  a  nonlinear  system  of 
equations  as  described  by  Hafner.1  Assuming  the  noise 
perturbations  to  be  small  relative  to  the  total  signal 
allows  for  certain  simplifications  to  be  made  and  the 
noise  can  be  considered  as  a  superposition  of  a  number 
of  different  components. 

Oscillator  stability  in  the  time  domain  is  measured 
by  evaluating  the  Allan  variance  defined  as  the  mean 
square  value  of  A/2  (?k  -  7^^): 


0^(2, T) 


The  stability  of  an  oscillator  is  characterized  by 
statistical  fluctuations  about  the  average  frequency 


where  y.  is  the  fractional  frequency  averaged  from  t^ 

to  w 
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MICROCOPY  RESOLUTION  TEST  CHART 


tk+T 

y(t)dt  (6) 

"k 

and  t...  -  tu+T‘  11,6  development  of  frequency  counters 
which  can  be  programmed  to  make  measurements  and  do 
arlthmetac  calculations  makes  It  possible  to  easily 
evaluate  the  variance  of  frequency  fluctuations  of  any 
oscillator. 

A  number  of  expressions  for  oscillator  noise  In 
the  time  domain  have  been  derived  by  various  research¬ 
ers.  The  predominant  components  are  due  to  1/f  and 
additive  noises.  At  present,  no  mathematical 
expression  exists  that  describes  the  dependence  of 
flicker  noise  on  oscillator  configuration  or  on 
parameters  of  circuit  components  in  the  time  domain. 

An  expression  for  the  standard  deviation  of  rms  frac¬ 
tional  frequency  fluctuations  versus  averaging  time, 
derived  for  an  oscillator  by  E.  Hafner2  is  given  by 


high-resolution  reciprocal  counter  (HP  5345A)  with 
external  gating  capabilities;  a  measurement  storage 
plug-in  unit  (HP  5358A) ;  a  mixer/amplifier  unit 
(HP  10830A) ;  a  desk-top  calculator  (HP  9825A) ,  and  a 
printer/plotter  output  device  (HP  9871A).  Communica¬ 
tion  and  control  between  the  various  instruments  is 
provided  by  a  digital  interface  system  (HP-interface 
bus).  Measurement  data  is  also  sent  to  the  calculator 
via  the  interface  bus.  The  calculator  is  programmed 
from  its  keyboard  to  process  the  data  received  from  the 
counter  and  plug-in.  The  printer  device  is  used  to 
output  the  processed  results  either  in  numeric  or 
plotted  form. 

The  performance  of  this  system  is  best  explained 
by  the  relationship  between  the  Allan  variance  and 
spectral  density  of  a  system  with  transfer  function 
H(f): 


a2(2,t)  -  I  Sy(f)|H(f)|2d£  (8) 

-'0 


2rt  /  4kTF 

T  V  P  Q  f 
1  osc  1  o 


+  C 


(7) 


where 


F  *  effective  noise  figure  of  the  limiting 
amplifier  in  the  oscillator  feedback  loop 

kT  -  -174  dBm/Hz  bandwidth  at  room  temperature 


The  transfer  function  of  a  counter  performing  the 
Allan  variance  has  a  broad  peak  near  f  =*  1/2t.  Because 
this  peak  is  so  broad,  the  Allan  variance  is  replaced 
by  the  Hadamard  variance  which  can  be  programmed  to 
have  a  much  narrower  transfer  function  as  discussed  by 
Bac  hh . 3  The  counter  is  programmed  to  measure  this 
variance,  the  transfer  function  is  then  known,  and  the 
calculator  then  processes  the  data  to  yield  the  phase 
noise  of  the  oscillator  being  measured  based  on  Eq. 

(8) .  The  complete  theory  of  this  measurement  technique 
has  been  described  by  Peregrino  and  Ricci. 


P  »  total  rf  power  dissipated  in  the  oscillator 
OSC  resonant  circuit 

*  operating,  or  loaded,  quality  factor  of  the 
oscillator  resonant  circuit 

f  =  average  frequency  of  oscillations 
o 

C  *  flicker  noise  constant 


Sutface  Wave  Oscillators — Comparisons 

Shown  in  Fig.  2  is  the  block  diagram  of  a  typical 
oscillator  circuit.  It  consists  of  an  amplifier  having 
gain  "A"  and  a  feedback  network  with  gain  "B."  These 
are  connected  in  a  closed  loop  such  that  positive  feed¬ 
back  is  provided  from  the  output  of  the  amplifier  back 
to  its  input.  The  equation  describing  the  criterion 
for  oscillation  is 


From  this  expression  an  estimate  of  oscillator 
stability  can  be  made.  The  important  parameter  to  note 
is  P  Q, f  .  Bulk  crystal  oscillators  at  10  MHz 
opera?!  wi?h  a  loaded  Q  of  typically  500,000  and  a  power 
level  of  -60  dBm.  For  a  SAW  oscillator  to  have  the  same 
stability  at  100  MHz  and  the  same  power  level,  its  Q 
need  only  be  50,000.  Similarly,  at  1000  MHz  the  Q  need 
only  be  5000.  These  Q's  are  close  to  the  intrinsic 
limit  of  SAW  resonators.  Our  experience  at  the  Science 
Center  indicates  less  Q  can  be  tolerated  since  the  SAW 
oscillator  crystal  can  operate  at  considerably  higher 
power  levels  without  drive-level  effects  occurring, 
i.e.,  typically  -50  to  -40  dBm. 

Stability  Measurements  System 

At  the  Science  Center  an  integrated  crystal  measure¬ 
ments  system  has  recently  been  assembled.  A  block 
diagram  of  the  system  is  shown  in  Fig.  1.  The  heart  of 
the  system  is  the  HP  9825  calculator  and  interface  bus. 
Utilizing  the  bus,  virtually  any  instrument  may  "talk" 
or  "listen"  to  any  other  instrument.  Data  may  be 
collected  by  the  calculator,  processed,  and  compared  to 
theory  directly  on  plotters,  or  printers  as  available. 

The  emphasis  in  this  paper  is  on  the  HP  5390  stability 
analyzer  portion  of  the  measurement  system.  The  analyzer 
is  capable  of  measuring  phase  noise  as  close  as  .01  Hz  to 
the  carrier  which  can  be  as  high  as  18  GHz.  The  system 
consists  of  five  major  components  shown  in  Fig.  1:  a 


AS  =  1 


where  A  and  S  are  vector  quantities.  This  equation 
states  that  for  oscillation  to  occur,  the  overall  loop 
gain  must  be  unity  and  the  total  phase  shift  around 
the  loop  must  be  zero  or  any  multiple  of  2tr. 

In  the  SAW  delay  line  oscillator,  the  feedback 
network  takes  the  form  of  a  delay  line  of  time  t  .  The 
phase  slope  of  the  delay  line  determines  to  a  large 
extent  the  phase  stability  of  the  oscillator  and  is 
given  by  d8/du>  »  — t ^  =  -N/f^  w'lere  N  *s  the  number  of 
wavelengths  between  the  input  and  output  transducer 
phase  centers.  A  typical  tapped  delay  line  ele-trode 
with  N  “  600  was  used  in  our  study  and  is  depicted  in 
Fig.  2.  The  complete  feedback  network  contained 
matching  networks  to  reduce  the  large  insertion  loss  of 
the  delay  line  and  provide  the  correct  phase  condition 
for  oscillation.  The  effective  Q  of  the  feedback  net¬ 
work  is  simply  irN  which  for  our  case  was  nominally  2000 

In  the  case  of  a  SAW-resonator  oscillator  the  feed 
back  network  may  take  the  form  shown  in  Fig.  3.  The 
SAW  resonator  is  represented  as  a  crystal  equivalent 
circuit.  Shown  in  Fig.  3  is  the  phase  and  amplitude 
response  of  the  feedback  network.  The  low  insertion 
loss  and  high  phase  slope  are  readily  apparent.  The 
phase  slope  of  the  feedback  network  is  given  by 
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d8/dw  *  -2Q/u)  where  for  the  resonator 
o 


In  our  experiments  Q's  of  5000-10,000  were  readily 
obtained  using  simple  aluminum  metallizations  on 
rotated  Y  cuts  of  quartz.  In  this  same  symposium  Q's 
as  high  as  30,000  were  reported  by  Adams  and  Kusters5 
using  a  plasma  ecching  fabrication  technique. 

To  evaluate  SAW  oscillators  the  measurement  capa¬ 
bilities  of  the  HP  5390  stability  analyzer  were  used 
to  compare  their  relative  merits  and  spectral  charac¬ 
teristics  in  the  time  and  frequency  domain.  Our  goal 
was  to  establish  a  benchmark  for  ourselves  as  well  as 
others  regarding  the  capabilities  of  these  new  fre¬ 
quency  control  elements.  To  implement  such  a  compari¬ 
son,  the  SAW  devices  were  compared  to  an  HP  10544  bulk 
oscillator  at  10  MHz.  Since  this  type  of  oscillator 
generally  is  several  orders  of  magnitude  "quieter"  than 
the  SAW  oscillators,  an  HP  8660  frequency  synthesizer 
was  used  as  the  reference  oscillator  for  the  stability 
analyzer  measurement. 

Shown  in  Fig.  4  la  the  measured  phase  noise  of 
three  oscillators.  The  top  trace  is  the  single  side¬ 
band  phase  noise  of  a  SAW  delay  line  oscillator;  the 
middle  trace  the  noise  of  a  SAW  resonator  oscillator, 
and  the  lower  trace  the  noise  of  an  HP  10544  bulk 
oscillator  multiplied  to  300  MHz  for  comparison. 

Close  to  the  carrier  the  bulk  oscillator  is  clearly 
superior.  The  SAW  delay  line  is  limited  primarily  by 
low  Q  or  phase  slope,  hence,  its  noise  spectrum  is  the 
poorest  of  the  three.  Similar  results  have  been 
reported  by  Parker6  and  Joseph7  in  this  symposium.  The 
far  out  phase  noise  of  either  the  SAW  resonator  or 
delay  line  oscillator  can  be  lower  than  the  multiplied 
bulk  oscillator.  This  is  due  to  the  multiplication  of 
the  bulk  oscillator's  thermal  noise  floor.  As  pointed 
out  by  Parker,  the  slope  of  the  close-in  phase  noise 
for  SAW  oscillators  can  be  modeled  by  an  f~3  relation¬ 
ship  indicative  of  a  rather  large  flicker  noise  source. 

The  same  stability  information  may  be  obtained  by 
measuring  the  time  domain  fractional  frequency  stability 
as  a  function  of  gate  time.  Such  a  comparison  for  SAW 
and  bulk  oscillators  is  shown  in  Fig.  5.  This  type  of 
measurement  is  in  many  ways  preferred  over  phase  noise. 
Because  the  frequency  deviation  is  normalized,  any 
oscillator  at  any  frequency  may  be  compared  directly 
with  any  other  oscillator  at  a  different  frequency. 
Furthermore,  relatively  inexpensive  time  domain 
stability  analyzers  are  available,  whereas  phase  noise 
measurement  equipment  Is  not  with  the  exception  of  the 
HP  5390  system. 

In  Fig.  5  the  stability  of  the  SAW  and  bulk 
oscillators  for  short  times,  i.e.,  1  msec,  is  quite 
comparable;  however,  at  1  sec  counts  the  bulk 
oscillator  is  1-2  orders  of  magnitude  more  stable.  The 
floor  observed  is  the  previously-mentioned  flicker 
effect  and  is  at  present  the  limiting  factor  in  SAW 
oscillators.  To  date,  the  best  or  lowest  flicker 
floor  reported  by  Adams  and  Kusters6  is  5xl0-11.  An 
ambitious  goal  which  appears  achievable  within  the  near 
future  is  perhaps  1»10~‘ 1  for  a  1  sec  count. 

Conclusions 


oscillators  because  of  their  lower  Q  and  high  flicker 
noise  floors.  Presently,  bulk  oscillators  are  capable 
of  achieving  5x10" * 3  for  a  1  sec  count,  whereas  the 
best  SAW  oscillator  to  date  has  only  achieved  5*10~u. 
In  order  to  improve  the  stability  of  SAW  oscillators, 
higher  Q's  are  needed  as  well  as  parallel  advanced  in 
reducing  the  high  flicker  noise  of  associated 
oscillator  circuitry. 

Time  domain  measurements  are  favored  over  fre¬ 
quency  domain  measurements  because  (1)  oscillator  per¬ 
formance  may  be  more  easily  compared,  and  (2)  time 
domain  measurements  are  more  easily  implemented  with 
computing  counters.  For  system  applications,  however, 
frequency  domain  measurements  are  frequently  required. 

A  time  domain  measurement  system  with  on-line 
data  processing  has  been  shown  to  provide  excellent 
results  at  low  Fourier  offset  frequencies. 
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The  stability  of  SAW  oscillators  operating  at  UHF 
frequencies  has  been  presented  and  compared  to  existing 
bulk  crystal  oscillator  technology.  Our  first  conclu¬ 
sion  is  that  SAW  oscillators  are  not  as  stable  as  bulk 
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Fig.  4  Single  sideband  phase  noise  for  SAW  oscillator  vs  HP  10544  bulk 
crystal  oscillator  as  a  function  of  offset  frequency 


Fig.  S  Fractional  frequency  stability  of  SAW  oscillators  vs  HP  10544  bulk 
crystal  oscillator  aa  a  function  of  gate  tins  t 
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Introduction 


It  is  often  stated  that,  since  frequency  is  the 
most  accurately  measurable  physical  quantity,  devices 
should  be  developed  which  convert  other  physical 
quantities  to  frequency.  Consequently,  there  has  been 
widespread  effort  to  develop  such  devices.  This  is 
further  stimulated  by  the  need  for  inherently  digital 
devices  for  use  in  automated  systems.  In  this  paper, 

I  wish  to  describe  an  approach  to  this  problem  which 
is  centered  on  pushing  the  forty-year  old  LC  oscil¬ 
lator  method  to  its  theoretical  performance  limita¬ 
tions.  The  advent  of  the  tunnel  diode  gain  element 
20  years  ago  and  the  relatively  new  development  of 
high  quality  microwave  capacitors  greatly  assists  in 
attaining  this  goal. 


Serious  use  of  tunnel  diode  LC  oscillators 
(TDO's)  as  transducers  originated  12  years  ago  in  the 
performance  of  physics  experiments  at  temperatures 
below  4  K.  They  were  used  at  frequencies 
between  1  and  20  MHz  and  typically  had  short-term 
frequency  noises  of  10”7  parts.  The  traditional 
problems  of  LC  oscillators  -  thermal  expansion  and 
electrical  resistivity  changes  -  are  diminished  by 
more  than  3  orders  of  magnitude  upon  reduction  of  LC 
circuit  temperature  from  room  temperature  to  4  K. 

If,  however,  the  gain  element  in  the  oscillator 
remains  at  room  temperature,  much  of  this  advantage 
can  be  lost  because  of  instabilities  in  the  trans¬ 
mission  line  to  the  cold  LC  circuit.  Since  tunnel 
diodes  work  well  at  low  temperatures  and  in  high 
magnetic  fields  and  also  have  particularly  simple 
circuits,  they  are  well-suited  as  gain  elements  for 
these  applications. 


Eight  years  ago  I  made  some  rather  obvious 
engineering  improvements ^  to  the  existing  low  tempera¬ 
ture  tunnel  diode  oscillator  circuits  and  attained  a 
short  and  long  term  frequency  noise  of  about  10“9 
parts.  This,  we  shall  see,  is  near  the  theoretical 
perturbation  noise  limit  of  these  low-frequency 
copper  LC  oscillators  for  averaging  times  of  a  few 
seconds . 


An  optimization  study  of  the  LC  circuit  geometry 
then  showed  that  th2  best  LC  circuit  for  tunnel  diode 
oscillator  of  a  given  size  is  a  very  low  impedance 
reentrant  cavity  resonator. 3  This  type  of  LC  circuit 
avoids  reproducibility  problems  of  conventional  LC 
circuits  in  room  temperature  applications,  thereby 
allowing  serious  use  of  these  oscillators  at  room  tem¬ 
perature.  T  have  recently  made  room  temperature  cir¬ 
cuits  with  a  frequency  noise  of  2  x  10”9  parts  for  1 
sec  averaging  time.  I  am  now  using  these  reentrant 
resonator  tunnel  diode  oscillators  in  a  wide  variety 
of  applications  ranging  from  temperature  measurement 
using  a  tiny  gas  thermometer  to  rather  involved  NMR 
experiment  ‘  measure  absolute  nuclear  magnetic 
suscepf ibilities. 

The  remainder  of  this  paper  first  discusses 
tunnel  diode  LC  oscillators  in  general,  then  reviews 
the  low-temperature  1-4  MHz  work  in  greater  detail, 
and  finally  describes  the  recent  higher  frequency 


reentrant  resonator  work  and  projects  currently  in 
progress.  Portions  of  the  work  reviewed  in  the  next 
two  sections  ha^e  been  previously  published  In  a  very 
detailed  paper. 

General  TDO  considerations 


The  basic  circuit 

4 

When  properly  biased,  tunnel  diodes  act  as  non¬ 
linear  negative  ac  resistance  elements  for  rf  voltages 
of  magnitude  less  than  30  mV  nns .  They  can  be  fabri¬ 
cated  with  characteristic  resistance  values  ranging 
from  -1  ft  to  -10  kft  and  corresponding  characteristic 
dc  bias  currents  between  30  mA  and  5  uA.  The  gain  of 
this  negative  ac  resistance  is  then  used  to  overcome 
the  losses  existing  in  a  suitably  matched  LC  resonator 
The  basic  circuit  is  shown  in  Fig.  1.  The  only 
components  required  besides  the  tunnel  diode  and  LC 
resonator  are  a  dc  bias  resistor,  K2»  a  by-pass 
capacitor,  Cg,  occasionally  a  parasitic  supression 
resistor,  R^,  and  also  occasionally  a  series  resistor 
Rj  and  coupling  capacitor  Cc.  The  circuit  is  powered 
by  a  stable  dc  current  flowing  through  the  same 
coaxial  cable  used  as  the  rf  output.  A  key  element  in 
the  design  is  the  maintenance  of  a  high  degree  of 
isolation  between  the  circuit  and  possible  external 
influences  and  noise.  This  is  accomplished  by  com¬ 
pletely  shielding  the  oscillator  and  using  a  large 
by-pass  capacitance  to  greatly  reduce  the  effect  of 
external  rf  interference  and  impedance  variations  on 
the  oscillator  frequency  while  still  permitting  a  few 
;iV  of  rf  signal  to  pass  out  the  coaxial  cable  to  the 
frequency  measurement  instrumentation. 

Frequency  Noise 

The  frequency  noise  of  these  oscillators  can  be 
divided  into  the  three  traditional  noise  types: 
addition  noise,  perturbation  noise,  and  1/f  noise. 
Typically,  the  addition  noise  dominates  for  t  <  0.1 
seconds,  perturbation  noise  for  t  between  0.1  and  10 
seconds  and  1/f  noise  for  t  >  10  seconds. 

The  size  of  the  addition  noise  is  determined  by 
a  designer  compromise  between  the  required  output 
signal  amplitude,  the  maximum  allowable  circuit  power 
dissipation,  and  the  extent  to  which  the  circuit  must 
be  isolated  from  external  noise  and  impedance 
variations . 

Since  copper  LC^resonators  have  a  relatively  low 
Q  of  the  order  of  10  ,  the  perturbation  noise  tends 
to  be  much  greater  than  for  quartz  and  atomic 
resonators.  On  the  other  hand,  the  upper  limit  of 
driving  oower  is  set  by  completely  different  physical 
processes  and,  in  some  applications,  it  may  be  quite 
large.  Tunnel  diodes  can  provide  an  rf  driving  power 
ranging  from  as  small  as  100  pW  to  as  large  as  1  mW 
with  10  nW  to  10  i.W  being  most  common. 
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Although  I  have  not  yet  convincingly  observed  it, 

I  can  easily  predict  a  1/f  noise  caused  by  measurable 
1/f  fluctuations  in  the  voltage  across  the  p-n  junction 
of  the  tunnel  diode.  These  voltage  fluctuations  can 
cause  fluctuations  in  the  junction  capacity  and  hence 
in  the  frequency.  For  germanium  tunnel  diodes,  the  1/f 
noise  floor  is  roughly  at  10  ¥  v  /Q  parts,  where 
VMHz  is  Che  osciHator  frequency  In  MHz.  Thus, -for 
low- temperature,  low-f reauen^  circuits,  Q  *  l(r  and 
VMHz  "  ^0^(2,  t f  t)  •>  -  10  while  for  room  tempera¬ 

ture  reentrant  resonatop  oscillators  with  Q  -  Mr  and 
vMHz  =  500’  =  5  x  10  . 

1  shall  point  out,  however,  that  since  this  type 
of  1/f  frequency  noise  is  correlated  with  measurable 
voltage  fluctuations,  it  is  avoidable.  One  can,  in 
principle,  measure  the  voltage  fluctuations  and  make 
a  correction  to  the  measured  frequency. 

Low  Temperature  Low-Frequency  Circuits 
Circuit  for  4  MHZ  measurements  with  a  capacitor 

Since  these  circuits  have  already  been  described 
in  great  detail  in  the  literature2’  ,  I  will  restrict 
the  discussion  here  to  a  summary  of  their  demonstrated 
performance  and  a  brief  description  of  a  digital 
computer  simulation. 

Table  1  summarizes  the  important  performance 
parameters  measured  on  the  circuit  shown  in  Fig.  1. 

The  oscillator  geometry  allowed  the  resonator  tempera¬ 
ture  to  be  varied  independently  of  the  remainder  of  the 
circuit.  As  indicated  in  the  table,  the  resonator 
temperature  coefficient  was  on  the  order  of  1  ppm/K 
from  1  K  to  15  K.  This  temperature  dependence  was 
caused  predominantly  by  surface  impedance  changes 


occurring  in  response  to  changes  in  the  electrical 
resistivity  of  the  high  purity  copper  wire  in  the 
inductor.  At  these  low  temperatures,  the  resistivity 
of  the  copper  had  a  minimum  at  about  10  K  and  hence 
the  frequency  had  a  maximum  at  that  temperature. 

For  these  4  MHz  circuits,  the  effect  of  thermal  ex¬ 
pansion  becomes  greater  than  that  of  surface  impedance 
only  at  temperatures  above  50  K. 

The  much  smaller  dependence  of  the  frequency  on 
the  "bath"  temperature,  also  given  in  Table  I  ,  reflects 
the  fact  that  variations  in  the  properties  of  the 
auxiliary  components  of  the  circuit  (R  ,  C^,  R^,  R^, 
and  the  tunnel  diode)  are  much  less  important  than  c 
variations  in  the  primary  L  or  C.  An  0.12  K  variation 
in  Rj  caused  most  of  the  0.1  ppm/K  frequency  variation 
with  "bath"  temperature. 

The  frequency  dependence  on  bias  current  is  quite 
large,  as  shown  in  the  table,  but  it  is  not  so  large 
\  that  sufficiently  stable  current  sources  are  difficult 
to  find.  A  simple  mercury  battery  with  a  series 
current  reference  resistor  monitored  by  a  good 
voltmeter  was  adequate  to  render  bias  current 
variations  less  important  than  the  intrinsic  perturba¬ 
tion  frequency  noise  at  40  seconds  averaging  time.  As 
discussed  above,  with  regard  to  noise  sources,  ulti¬ 
mately  the  1/f  fluctuation  in  diode  dc  bias  should 
cause  difficulties,  especially  for  the  higher  frequen¬ 
cy  circuits  to  be  discussed  later. 

The  measured  frequency  noise  of  6  x  10  ^//T 
parts  for  1  <  t  <  40  sec  is  within  a  factor  of  two  of 
the  calculated  perturbation  noise,  the  discrepancy  not 
being  significant  compared  with  the  uncertainties  of 
parameters  entering  into  the  calculation  and  with 
experimental  errors  caused  by  measurement  system  noise 
of  a  similar  size. 


PERFORMANCE  CHARACTERISTICS  OF  A  LOW-TEMPERATURE  4  MHz  TUNNEL  DIODE  OSCILLATOR 
USING  A  RESONATOR  MADE  OF  COPPER  AND  SAPPHIRE 


Resonator  Quality  Factor 


Q  -  700 


rf  Power  Applied  to  Resonator 
Total  Circuit  Power 
Dependence  on  Resonator  Temperature 
Dependence  on  Bath  Temperature 
Dependence  on  Bias  Current 
Dependence  on  Magnetic  Field 
Frequency  Noise 
Drift 

Reproducibility  of  Dependences 
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’  /T 
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1  K  <  T,c  <  15  K 
1  K  <  T.  .  <  4.2  K 
I  -  74  frth 
B  <  0.004  T 


1  <  t  *  *0  sec 
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Tu  -  4.2  K 
bath 


over  given  range 


Thermal  Relaxation  Time  Constant 

_Q 

Warm-up  Time  to  Within  10  Parts 
of  Final  Frequency* 


<  1  minute 

<  1  sec 


T  *  T 


bath 


T 


T 

bath 


4.2  K 
4.2  K 


*  This  depends  on  thermal  linkage  of  oscillator  to  Its  stabilizing  temperature  bath. 
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The  remaining  four  entries  In  the  table  are  upper 
limits  to  the  quantities  shown.  Their  measurement  was 
limited  by  factors  not  related  to  the  oscillator  design. 

This  circuit  was  used  to  measure  the  temperature 
dependence  of  the  dielectric  constant  of  liquid  He  at 
vapor  pressure  from  0.3  K  to  4.2  K  with  particular 
emphasis  near  the  superfluid  phase  transition  at 
£.1720  K.  The  capacitor  was  filled  with  the  liquid 
He,  and  a  correction,  which  was  quite  serious  below 
0.6  K,  was  made  for  a  background  temperature  dependence 
of  the  capacitor. 

A  circuit  for  1  MHz  measurements  with  an  Inductor 


A  somewhat  different  low-frequency  low- temperature 
oscillator  was  then  built  by  David  P.  Love  and  myself 
to  measure  the  surface  impedance  of  metals.  A 
schematic  diagram  is  shown  in  Fig.  2  in  which  the  ac 
equivalent  circuit  for  the  tunnel  diode  is  explicitly 
shown  in  a  dashed  box.  The  166  turn  copper  inductor 
was  wound  on  a  1.27  cm  outside  diameter  x  0.95  cm  inside 
diameter  x  10  cm  long  sapphire  tube  which  had  been 
helically  grooved  along  its  outside  diameter  to  accu¬ 
rately  position  the  wire  turns. 

Resistor  R  was  necessary  to  suppress  the  para¬ 
sitic  resonancepof  L  and  C  while  capacitor  C  ,  was 
necessary  to  roll-ofr  the  high  frequency  gain  of  the 
diode  so  that  helical  resonance  modes  in  the  coll  would 
not  oscillate.  In  addition,  R  2  was  necessary  to 
suppress  the  parasitic  resonance  of  C  and  the  high  Q 
inductance  of  its  superconducting  leaBs.  A  minor 
additional  difference  from  Fig.  1  is  that  a  four- 
element  low-pass  RC  network  was  necessary  to  obtain 
the  desired  degree  of  Isolation  of  the  oscillator  from 
external  Influences. 

With  the  entire  circuit  maintained  at  a  fixed  bath 
temperature,  the  sample  is  suspended  in  the  center  of 
the  coil  from  the  mixing  chamber  of  a  dilution  refrig¬ 
erator.  In  this  manner  very  small  frequency  changes 
associated  with  the  sample  (caused  by,  for  example, 
skin  depth  changes  in  a  single  crystal  of  copper)  could 
be  observed  without  any  correction  necessary  for  the 
circuit  temperature  dependence.  Figure  3  shows  a 
typical  result  of  such  an  experiment.  The  resistance 
minimum  associated  with  the  Rondo  effect  of  2  ppm  Fe 
impurities  in  the  sample  crystal  of  copper  is  evident 
as  a  frequency  maximum  at  8.9  K.  As  shown  in  the 
figure,  the  frequency  noise  can  only  be  seen  when  the 
maximum  is  enlarged  800  times.  The  central  portion, 
measured  with  a  countej  averaging  time  of  30  seconds 
has  a  noise  of  1  x  10  parts  rms  and  corresponds  to 
resistivity  changes  in  the  copper  crystal  of  only  3  x 
10~14  ft-cm.  The  applications  of  this  technique  as  an 
accurate  resistance-to-frequency  converter  are  limited 
by  the  great  complexity  of  the  temperature  dependent 
anomalous  skin  effect  theory  necessary  to  convert  dc 
resistivity  variations  to  surface  impedance  changes. 

Computer  Modeling 

Because  of  the  simplicity  of  these  oscillator 
circuits,  accurate  modeling  of  their  non-linear  behav¬ 
ior  on  a  large-scale  digital  computer  is  practical. 

To  demonstrate  this,  we  applied  a  sophisticated  Fortran 
subroutine  which  solves  simultaneous  non-linear 
differential  equations  to  a  simplified  version  of  the 
circuit  in  Fig.  2.  We  assumed  that  R  2  and  Lb  could 
be  neglected  and  that  could  be  considered  an  ac 
short  circuit.  We  alsoassumed  that  was  connected 


in  parallel  witn  u  ana  u  me  reHuxuug  cutuu 
had  three  current  {oops  requiring  the  numerical  solu¬ 
tion  of  three  simultaneous  differential  equations  - 
a  linear  2nd  order,  a  linear  1st  order,  and  a  non¬ 
linear  1st  order.  The  measured  tunnel  diode  I-V 
curve  is  used  to  obtain  the  non-linear  values  for  Rn(V) 
and  the  theoretical  voltage  variation  of  the  junction 
capacity  is  used  for  C  (V) . 


The  prograiy  determines  the  oscillation  frequency 
to  a  part  in  1(/  and  oscillation  amplitude  to  0.12  for 
a  given  dc  bias  current  and  resonator  Q.  These  results 
for  the  oscillator  of  Fig.  2  are  shown  in  Figs.  4  and  5, 
respectively.  The  frequency  axis  in  Fig.  4  is  scaled 
in  order  to  indicate  the  amount  (in  ppm)  by  which  the 
actual  oscillator  frequency  deviates  from  f  =  l/2si',LC. 
In  Fig.  5  is  plotted  the  amplitude  of  the  fundamental 
Fourier  component  of  the  rf  current,  I,,  through  the 
diode.  This  is  proportional  to  the  output  rf  voltage 
when  measured  by  narrow-band  techniques.  It  can  be 
seen  that,  at  a  dc  bias  current  of  35C  pA,  an  Increase 
of  Q  above  900  does  not  produce  a  greater  fundamental 
signal,  but  rather  generates  stronger  harmonics.  We 
have  seen  this  effect  in  the  actual  circuit.  Another 
effect  of  the  non-linearities  is  the  double-valued 
nature  of  these  curves  near  the  extremes  of  bias 
current.  This  behavior  is  associated  with  a  self¬ 
rectification  of  the  rf  by  the  diode  which  causes  the 
actual  dc  bias  voltage  across  the  diode  to  be  dependent 
on  rf  amplitude,  even  for  the  same  circuit  bias  current. 
The  computer  simulation  of  this  effect  also  quantita¬ 
tively  agrees  with  our  observations  of  the  differences 
between  bias  currents  at  the  "drop-out"  and  "restarting” 
points. 


The  accurate  simulation  of  their  circuits  allow 
TDOs  to  be  confidently  used  as  a  scientific  tool. 

It  la  very  difficult  to  determine  by  analytic  means 
alone  the  extent  of  validity  of  various  simple  analytic 
formulae,  such  as  f  »  l/2itiOX,  often  used  to  describe 
LC  oscillator  performance. 


High  Frequency  Measurements  Using  Reentrant  Resonators 

Measurements  may  be  made  from  below  30  MHz  to 
above  2000  MHz  using  either  the  capacitive  or  induc¬ 
tive  portions  of  a  low- impedance  reentrant  cavity 
resonator.  Furthermore,  as  emphasized  earlier,  these 
resonators  work  well  even  at  room  temperature  and 
above.  Reentrant  resonators  with  very  large  capaci- 
tance-to-inductance  ratios  (typically  0.1  to  0.5 
farads/henry)  work  best  because  their  large  capacitance 
greatly  diminishes  the  detrimental  effects  of  the 
tunnel  diode  junction  capacity.  Their  high  Q  (for  a 
given  volume  and  frequency)  and  sample  geometry  are, 
of  course,  additional  advantages. 

The  circuits  used  with  reentrant  resonators  can 
be  even  simpler  than  that  shown  in  Fig.  1.  If  a  high 
quality  microwave  capacitor  is  used  for  the  bypass 
capacitor,  resistor  R.  and  capacitor  Cc  are  not 
necessary  to  attain  adequate  isolation  at  these  higher 
frequencies.  Occasionally  the  parasitic  suppression 
resistor  will  also  be  unnecessary.  Furthermore,  the 
impedance  matching  of  the  diode  to  the  resonator  can 
be  performed  with  a  coupling  loop  or  a  transmission 
line  transformer.  The  remaining  essential  auxiliary 
circuit  components  are  so  small  that,  if  necessary, 
they  can  be  placed  within  an  SMA  connector. 
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PERFORMANCE  CHARACTERISTICS  OF  A  ROOM-TEMPERATURE  90  MHz  TUNNEL  DIODE  OSCILLATOR 
USING  A  COPPER  REENTRANT  RESONATOR 


Resonator  Quality  Factor 
rf  Power  Applied  to  Resonator 
Total  Circuit  Power 
Dependence  on  Temperature 
Dependence  on  Bias  Current 
Dependence  on  Magnetic  Field* 
Frequency  Noise 
Drift** 

Reproducibility  of  Dependences 

Thermal  Relaxation  Time  Constant 

Warm-up  Time  to  Within  10~®  Parts 
of  Final  Frequency 


600 


LC 


0.5  pW 
50  pW 


total 
~/i.T  -  -7.3  ppm/K 

4/^i  -  -8.7  x  IQ'5 

-  -1.3  x  10~5  T~2 
/<Oy^(2,T,T)>  »  8  X  10  ^ 

■  2.8  x  10  2  per  day 
not  yet  measured 
3  20  seconds 
not  yet  measured 


l  273  K  <  T  <  300  K 
(  I  -  1  raA 
B<1.3T 


1  «  t  <  10  sec 


T  -  273  K 


T  -  273  K 


*  Measured  at  50  MHz  oscillator  frequency, 

**  Still  of  decreasing  magnitude  when  experiment  was  terminated. 


TABLE  II 


Table  II  shows  the  result  of  rough  measurements 
of  the  room  temperature  performance  of  an  evacuated 
copper  reentrant  resonator  with  an  inductor  volume  of 
100  mL.  All  of  these  numbers  were  obtained  at  90  MHz 
except  for  the  magnetic  field  dependence  which  was 
measured  at  50  MHz.  1  expect  that  further  work  will 
quickly  reduce  the  measured  long  term  drift  of  2.8  x 
10  parts/day  by  about  two  orders  of  magnitude,  and 
also  that  smaller  resonators  will  have  much  shorter 
relaxation  times.  The  other  entries  in  the  table, 
however,  will  probably  not  be  easily  Improved. 

In  the  following  subsections,  I  will  discuss,  in 
rather  general  terms,  applications  using  these 
resonators  to  the  measurement  of  various  physical 
quantities. 

Using  the  capacitive  portion  of  a  reentrant  resonator 

Figure  6  shows  a  cross-section  view  of  a  reentrant 
resonator  and  illustrates  how  it  can  be  used  in  a 
tunnel  diode  oscillator  circuit  to  measure  pressure, 
temperature  (as  a  gas  thermometer),  acceleration,  and 
linear  position  changes.  The  capacitive  gap  occurs 
between  the  top  of  a  central  post  and  the  bottom  of 
a  thick  diaphragm.  The  single-turn  Inductor  is  formed 
by  an  annular  wall  connecting  the  diaphragm  to  the 
central  post  so  that  the  rf  magnetic  field  lines  there- 
foreenclrcle  the  post.  The  capacitive  gap  is  very 
small.  It  is  typically  set  between  1  and  10  urn.  The 
remaining  circuit  components  are  placed  within  a  hollow 
region  Inside  the  central  post  and  drive  a  coupling 
ribbon  which  emerges  from  the  central  post  and  is 
attached  to  the  outer  wall. 

As  shown  in  Fig.  6,  pressure  is  sensed  if  a  gas 
is  allowed  to  push  on  the  top  side  of  the  diaphragm. 
Alternatively,  if  gas  is  trapped  in  a  closed  volume 
with  the  diaphragm  as  one  wall,  a  gas  thermometer  Is 


formed.  Mass  loading  of  the  diaphragm  can  make  it 
sensitive  to  acceleration  while  mechanical  linkage  to 
it  allows  very  precise  measurement  of  linear  motion. 
Dielectric  constants  can  be  measured  if  the  upper 
capacitor  plate  is  made  rigid  and  a  sample  is  placed 
in  the  capacitor  gap. 

We  have  made  a  small  (1.9  cm  dia.  x  5.1  cm  long) 
secondary  gas  thermometer  designed  to  work  best  in 
the  temperature  range  of  10  to  30  K  where  conven¬ 
tional  germanium  and  platinum  resistance  thermometers 
have  poor  sensitivity.  An  illustration  of  the 
dependence  of  its  frequency  on  temperature  is 
given  in  Fig.  7.  The  measured  oscillator  temperature 
dependence  is  given  by  the  solid  line  while  the  gas 
pressure  contribution  and  the  combined  contributions  of 
gas  pressure  and  thermal  expansion  are  given  by  the 
dashed  line  and  by  the  dash-dot  line,  respectively. 

The  difference  between  this  last  curve  and  the  observed 
behavior  is  the  right  sign  and  magnitude  to  be  explained 
by  the  temperature  dependent  surface  impedance  of  the 
copper  in  the  resonator  walls.  This  thermometer  has 
already  demonstrated  a  resolution  of  100  pK  at  low 
temperatures  and  50  pK  at  room  temperature.  We  are 
presently  making  an  improved  version  which  will  also 
contain  a  pressure  sensing  oscillator  and  will 
dissipate  less  than  15  pW  of  power.  It  remains  to  be 
seen  how  stable  these  can  be  made  with  respect  to  ageing 
and  thermal  and  mechanical  shock.  It  might  be  neces¬ 
sary  to  also  Install  an  auxiliary  oscillator  which 
senses  the  surface  impedance  changes  of  superconductive 
temperature  fixed  points  between  1  and  20  Kelvin. 

These  would  then  provide  internal  calibration  points. 

We  have  also  placed  a  copper  reentrant  resonator 
TDO  built  with  a  rigid  upper  capacitor  plate  in  an 
accurate  humidity  generator  to  determine  its  potential 
as  a  hygrometer.  The  results  were  encouraging  but  it 
is  clear  that  the  capacitor  surfaces  must  be  plated 
with  an  inert  material  to  make  them  chemically  stable 
in  the  presence  of  moist  air. 
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Using  the  Inductive  portion  of  a  reentrant  resonator 

The  Banner  In  which  Che  Inductor  of  a  reentrant 
resonator  can  be  used  to  do  absolute  nuclear 
magnetic  resonance  (NMR)  is  shown  in  Fig.  8.  By 
absolute  NMR,  I  mean  accurate  measureaent  of  the 
absolute  magnitude  of  resonant  nuclear  susceptibility. 
Errors  in  sample  filling  factor,  resonator  Q,  and 
overall  system  transfer  function  prevent  the 
accurate  measurement  of  nuclear  susceptibilities 
by  ordinary  techniques.  A  technique  developed  at 
NBS  by  Donald  B.  Ucton  and  myself  uses  the  calculable 
reentrant  resonator  geometry  to  permit  determination 
of  the  sample  filling  factor  with  an  accuracy  of 
100  ppm.  In  addition,  our  method  uses  measurements 
of  the  frequency  pulling,  rather  chan  the  amplitude 
change,  of  a  very  stable  50  MHz  tunnel  diode 
oscillator  to  avoid  the  other  errors.  This  method 
is  only  practical  because  of  the  exceedingly  high 
frequency  stability  of  our  tunnel  diode  oscillator. 

The  oscillator  circuit  in  Fig.  8  is  coupled 
directly  to  the  capacitor  rather  than  through  a 
loop  in  the  inductor.  This  is  done  in  order  to 
preserve  the  calculable  nature  of  the  inductor. 

If  less  than  100%  coupling  is  desired,  a  transmission 
line  impedance  transformer  can  be  used  between  the 
diode  and  reentrant  resonator  capacitor. 

An  evaporated  thin  film  insulator  can  be 
placed  in  the  outer  edge  of  the  capacitor  gap  to 
form  a  vacuum  seal  between  the  capacitor  surfaces. 

This  then  greatly  reduces  the  sensitivity  of  the 
oscillator  to  the  dielectric  properties  of  the 
sample  and  also  to  vibrations  and  temperature 
gradients. 

We  are  now  exploring  the  full  capabilities 
and  llmitatons  of  this  method  of  NMR  detection. 

In  addition,  we  are  considering  the  straightforward 
uses  of  a  tunnel  diode  oscillator  with  a  reentrant 
resonator  inductor  to  measure  surface  impedance 
and  non-resonant  paramagnetic  susceptibility. 

Difficulties 

I  shall  temper  my  enthusiasm  for  these  LC 
oscillators  by  pointing  out  three  problem  areas 
with  which  I  see  difficulties: 

1)  vibration  sensitivity 

2)  sensitivity  to  thermal  gradients 

3)  sensitivity  to  submonolayer  desorption  and 
adsorption  on  the  capacitor  surfaces. 

In  some  applications  the  first  two  of  these  prob¬ 
lems  may  be  greatly  reduced  by  placing  an  insulating 
spacer  in  the  capacitor  gap.  One  thereby,  however, 
compromises  the  principal  of  single  material  construc¬ 
tion  of  the  reentrant  resonator  -  hence  jeopardizing 
the  inherent  reproducibility  of  the  design.  The  third 
problem  is  similar  to  the  packaging  problems  of  quartz 
crystal  resonators  and  can  probably  be  overcome  using 
the  same  packaging  techniques. 

Devices  presently  being  built  and  tested  at  NBS 

There  are  five  projects  currently  in  progress  to 
determine  the  extent  to  which  the  ideas  presented  in 
this  paper  can  be  realized  in  practice.  They  are: 

1)  Construction  of  an  improved  low-temperature 
secondary  gas  thermometer  which  also  indicates  either 
ambient  pressure  or  gives  a  readout  of  the  transition 
temperature  of  superconducting  fixed  points.  It  will 
operate  at  500  MHz  and  be  2.2  cm  dla.  and  6  cm  long. 


2)  Construction  of  a  room-temperature  thermal 
expansion  thermometer  and  pressure  gauge.  It  is  to 
operate  at  a  frequency  of  1  GHz  and  to  have  a  size  of 
1  cm  die.  x  3  cm  long. 

3)  An  NMR  susceptibility  measurement  with  100  ppm 
accuracy  at  273  K.  This  will  be  done  at  frequencies 
between  20  and  50  MHz  and  will  have  a  100  ml.  sample 
volume. 

A)  A  measureaent  of  NMR  susceptibility  and 
pressure  vs.  temperature  for  solid  'He  between  20  mK 
and  100  mK.  This  will  be  done  at  150  MHz  and  will  use 
only  a  1  |L  sample  volume. 

5)  A  long  term  stability  test  of  a  large  (100  ml. 
Inductor  volume) ,  carefully  cleaned  and  annealed  room 
temperature  100  MHz  oscillator. 

We  will  probably  soon  also  start  experimenting 
with  tunnel  diode  oscillators  which  use  superconducting 
reentrant  resonators  as  well  as  ones  which  use  the  ^ 
"electrodeless"  quartz  resonators  of  Prof.  R.  Besson. 

Conclusion 

I  have  shown  how  tunnel  diode  oscillators  using 
non-superconducting  1C  resonators  can  be  made  which  ^ 
are  limited  by  fundamental  noise  processes  at  the  10 
to  10  parts  level.  They  operate  from  below  1  MHz 
to  over  500  MHz,  from  below  0.3  K  to  over  300  K,  and 
in  magnetic  fields  from  0  to  at  least  1.3  tesla. 

They  have  circuits  which  are  so  simple  that  a 
detailed  digital  computer  modeling  of  their  perfor¬ 
mance  vs.  dc  bias,  temperature,  and  magnetic  field  is 
practical.  Finally,  I  have  shown  how  they  are 
naturally  suited  for  the  task  of  converting  changes  in 
a  wide  variety  of  physical  quantities  into  frequency 
changes . 
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Fig.  1  4  MHz  circuit  used  at  low  temperatures  to  study  the  dielectric 

constant  of  liquid  *He.  The  performance  of  this  circuit  is 
summarized  in  Table  I  in  the  text.  The  circuit  was  constructed 
with  the  LC  resonator  thermally  isolated  from  other  components 
as  is  schematically  illustrated  in  this  figure. 


Fig.  2  700  kHz  circuit  used  at  low  temperatures  to  study  the  Inductive 

reactance  of  samples  suspended  within  its  hollow  coll  form. 


Sample 


OSCILLATOR  FREQUENCY  (HERTZ) 


Fig.  3  Variation  of  the  frequency  of  the  oscillator  in  Fig.  2  with 
sample  temperature  while  maintaining  the  circuit  temperature 
constant.  The  sample  is  a  single-crystal  rod  of  high-purity 
copper  with  the  100  direction  aligned  along  the  coil  axis. 

This  plot  qualitatively  mirrors  the  dc  resistivity  variation 
of  the  copper  with  temperature-increasing  resistivity  causes 
greater  surface  inductance  and  hence  lower  frequency.  The 
maximum  at  8.9  K  corresponds  to  the  well-known  Kondo  minimum 
in  dc  resistivity  which  results  from  2  ppm  of  iron  impurity 
in  the  copper.  The  data  in  the  region  of  minimum  have  been 
plotted  with  increasing  resolution  in  the  two  inserts.  Upon 
an  800-fold  enlargement,  the  frequency  noise  of  2  x  10“10  parts 
can  be  seen.  The  counter  averaging  time,  which  was  normally 
3  seconds,  was  increased  to  30  seconds  during  the  pass  through 
the  minimum. 


Fig.  4  Calculated  deviation  of  Che  oscillator  frequency  from  f  = 
l/2ni/LC  (for  the  circuit  shown  in  Fig.  2)  plotted  vs.  tEe 
total  circuit  dc  bias  current  for  different  values  of  resonator 
quality  factor.  The  oscillation  threshold  is  at  Q  “  485  and 
a  bias  current  of  350  pA.  Where  these  curves  are  double¬ 
valued,  the  upper  portions  give  the  steady-state  behavior 
while  the  bias  current  values  at  the  end  points  of  the  lower 
portions  give  the  self-starting  region  of  the  oscillator  at 
each  Q  value. 


Fig.  5  Calculated  ras  amplitude  of  the  fundamental  Fourier  component 

of  the^rf  current  in  the  diode  (for  the  circuit  shown  in  Fig.  2) 
plotted  vs.  the  total  circuit  dc  bias  current  for  different 
values  of  resonator  quality  factor.  For  Q' values  which  are 
twice  as  great  as  the  threshold  Q  of  485  the  limiting  effect 
of  the  diode  non-linearities  Is  particularly  evident.  The 
Interpretation  of  these  curves  where  they  are  double-valued  Is 
the  seme  as  given  in  the  caption  of  Fig.  4. 
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USING  THE  CAPACITOR  AS  A  SENSOR 

GAS  PRESSURE  INLET 


I  I  i 

TO  dc  CURRENT  SUPPLY  AND 
FREOUENCY  MEASUREMENT 
ELECTRONICS 


EXTERNAL  FLUID  SOURCED  PRESSURE  GAUGE 
TRAPPED  H.3  GAS  0  G*S  THERMOMETER  ABOVE  I  X 
MECHANICAL  LINXAGE  D  LINEAR  MOTION 
MASS  LOADING  0  ACCELERATION 


6  An  illustration  of  how  the  capacitive  region  of  a  reentrant 
resonator  can  be  used  in  transducer  applications. 


The  measured  performance  of  our  first  prototype  low-temperature 
gas  thermometer.  Although  the  total  frequency  change  was  only 
1%  from  1  K  to  315  K,  the  frequency  noise  of  only  2  x  10”9  parts 
permitted  a  temperature  resolution  of  between  50  and  100  uK  over 
the  whole  temperature  range.  The  effects  of  gas  pressure  alone 
and  of  gas  pressure  plus  resonator  thermal  expansion  are  also  shown. 
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USING  THE  INDUCTOR  AS  A  SENSOR 


TO  dc  CURRENT  SUPPLY  AND 
FREQUENCY  MEASUREMENT  ELECTRONICS 


-  USE  OF  THE  FREQUENCY  PULLING  OF  A 
MARGINAL  OSCILLATOR  INSTEAD  OF  ITS  rf 
AMPLITUDE  CHANGE  ELIMINATES  SYSTEMATIC 
ERRORS  CAUSED  BY  AMPLIFIER  AND  DETECTOR 
CALIBRATION  DRIFT. 

-  USE  OF  THE  REENTRANT  RESONATOR  WITH 
ITS  CALCULABLE  INDUCTOR  GREATLY 
REDUCES  ERRORS  IN  THE  SAMPLE 

FILLING  FACTOR. 


Fig.  8  An  illustration  of  how  the  inductive  region  of  a  reentrant 
resonator  can  be  used  to  measure  absolute  nuclear  magnetic 
resonance  susceptibilities. 
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The  performance  of  coherent,  multi-mode  airborne 
radars  has  become  dependent  on  microwave  frequency  syn¬ 
thesizers  for  the  generation  of  transmit  and  local  os¬ 
cillator  signals. 

Various  synthesizer  techniques  which  might  be 
appropriate  to  the  radar  application  are  discussed, 
along  with  a  description  of  the  Westinghouse  "Building 
Block"  synthesizers. 

Phase  noise  is  a  driving  consideration  when  se¬ 
lecting  the  synthesis  technique.  The  phase  noise  re¬ 
quirements  associated  with  the  coherent  mapping  and 
downlook  air-air  radar  modes  are  discussed.  Simple 
relationships  between  radar  performance  and  synthesizer 
parameters  are  presented. 

Certain  radar  modes  require  very  rapid  frequency 
change  and  phase  settling,  over  large  frequency  excur¬ 
sions.  Since  phase  lock  loops  are  required  for  noise 
and  spurious  reasons,  new  phase  lock  circuit  techniques 
are  required  to  achieve  the  switching  speed.  A  digital 
technique  for  switching  a  phase  locked  synthesizer  over 
80  MHz  in  ten  microseconds  is  described,  and  data  is 
presented. 

The  Westinghouse  synthesizers  are  manufactured  on 
polyimide  glass  which  is  a  high  temperature  copper  clad 
material  combining  many  of  the  best  properties  of  thick 
film  and  printed  circuit  technologies.  It  allows  the 
use  of  chip,  discrete,  and  packages  and  printed  com¬ 
ponents  on  the  same  assembly.  Mechanical  and  electri¬ 
cal  properties  of  the  material  are  discussed,  as  well 
as  the  packaging  methods. 

Introduction 

The  performance  of  multi-mode  airborne  radars  has 
become  increasingly  dependent  on  the  use  of  microwave 
synthesizers  to  generate  the  transmitted  frequencies. 
The  advantages  of  the  use  of  multiple  frequencies  in¬ 
clude  reduced  susceptibility  to  mutual  interference, 
as  well  as  improved  detection  capability  when  used  in 
such  applications  as  missile  threat  detection,  ground 
mapping,  and  terrain  follow/avoidance. 

The  requirements  and  mechanizations  appropriate 
to  the  radar  synthesizers  differ  in  some  important 
respects  from  the  general  purpose  synthesizers  seen 
in  test  equipment  and  communications  systems.  The 
most  apparent  difference  is  the  required  channel  den¬ 
sity.  It  is  unusual  for  a  frequency  change  of  less 
than  a  reciprocal  pulse  width  to  affect  radar  perfor¬ 
mance  with  respect  to  detection  capability  or  mutual 
interference.  Since  one  microsecond  is  a  typical  pulse 
width,  we  find  that  the  radar  synthesizer  resolution 
is  often  five  to  ten  MHz.  General  purpose  microwave 
synethes izers  usually  have  resolutions  of  about  one 
kHz.  Radar  fractional  bandwidths  are  typically  2  to 
10  percent,  while  general  purpose  synthesizers  might 
cover  a  decade. 


lock  loops  are  necessary  to  meet  noise  and  spurious  re¬ 
quirements,  the  switching  speed  makes  necessary  new  and 
special  phase  lock  circuitry. 

Inclusion  of  a  downlook  air-air  mode  requires  a 
phase  noise  floor  of  -120  to  -125  dB/Hz  at  X  band.  This 
is  lower  than  most  commercial  synthesizers  reach,  but  is 
similar  to  some  communications  needs.  Spurious  (-80  dB) 
and  low  frequency  stability  requirements  are  comparable 
to  those  of  general  purpose  synthesizers. 

Stability  Requirements 

Raven1  and  others  have  described  the  requirements 
for  radar  oscillator  stability.  Our  intent  is  to  re¬ 
late  them  to  quantities  which  are  familiar  to  the  RF 
hardware  designer,  and  to  point  out  those  quantities 
which  most  effect  hardware  decisions.  We  place  parti¬ 
cular  emphasis  on  the  stability  problem  since  it,  more 
than  any  other  consideration,  drives  the  choise  of  syn¬ 
thesis  technique.  It  is  important  to  note  that  there 
are  many  synthesizer  types  that  meet  all  of  our  re¬ 
quirements  except  phase  noise . 

The  stability  requirements  are  of  simple  origin. 

In  the  downlook  air-air  mode,  we  wish  to  detect  targets 
whose  doppler  frequencies  differ  from  the  large  "clutter" 
returns  from  the  earth.  Our  stability  requirement 
arises  from  the  fact  that  we  wish  to  observe  only  small 
targets  or  receiver  noise  when  the  clutter  returns  are 
at  their  maximum  power  level  P^.  The  STALO  phase  noise 
floor  produces  noise  sidebands  on  the  clutter  returns 
observed  in  the  receiver.  These  must  be  small  compared 
to  receiver  noise. 

This  has  the  effect  of  imposing  a  maximum  effective 
multiplication  ratio  on  the  STALO,  assuming  that  our 
phase  noise  is  that  of  a  crystal  oscillator  and  frequen¬ 
cy  multiplier.  If<>£  (f)  is  the  crystal  oscillator  white 
phase  l'.oise  floor,  KtqF  is  the  receiver  noise,  N  is  the 
multiplication  ratio,  and  P^  is  the  maximum  clutter 
level  at  the  receiver  front  end,  the  STALO  stability 
criterion  is 


For  example,  if  5C.(f)  is  -165  dB/Hz,  noise  figure  = 

2  dB,  P  =  -50  dim,  the  STALO  noise  floor  must  be 
-122  dB/Hz  at  X  band  and  N  must  bo  less  than  141. 

The  air-air  mode  also  imposes  a  Q  or  bandwidth 
restriction  on  the  oscillator.  The  oscillator  half 
bandwidth  must  be  small  enough  so  that  the  phase  noise 
floor  is  reached  at  modulation  rates  which  arc  compat¬ 
ible  with  the  spectral  width  of  the  clutter  returns. 
These  are  a  function  of  aircraft  velocity,  antenna 
characteristics,  geometry,  and  other  considerations. 
Typical  X  band  air-air  radars  require  hal f-bandwidths 
of  2000  Hz,  which  is  not  severe  for  VHF  crystal  oscil¬ 
lators  . 


An  important  radar  parameter  is  frequency  switch¬ 
ing  speed.  Frequency  switching  over  hundreds  of  MHz 
in  ten  microseconds  is  typically  required.  Since  phase 


lR.  S.  Raven,  "Requirements  on  Master  Oscillators  for 
Coherent  Radar",  Proceedings  of  IEEE,  Vol .  54,  No.  2, 
Feb.  1966. 
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The  "Doppler  Beam  Sharpening"  mode,  used  for  air- 
ground  mapping,  imposes  a  low  frequency  stability  re¬ 
quirement.  We  arrive  at  crystal  Q  requirements  with  a 
few  simple  considerations.  This  radar  mode  achieves 
azimuth  resolution  by  observing  the  slowly  changing 
doppler  returns  from  of f-boresight  targets  with  a  digi¬ 
tal  correlator  and  filter  band.  Observations  are  made 
over  an  integration  time  T..  The  matched  filter  band¬ 
width  is  1/T^ .  If  the  system  dynamic  range  is  D,  noise 
sidebands  observed  in  the  receiver  must  be  at  least  (D ) 
below  the  carrier  in  filter  bandwidth  1/T^,  for  rates 
greater  than  half  the  filter  bandwidth.  (See  figure  1) 
The  phase  noise  requirement  for  independent  noise 
sources  is  then: 


microsecond  round  trip  time  and  30  dB  dynamic  range. 
Typical  sustaining  circuit  1/f  noise  is  -120  dB/Hz  at 
one  Hz.  This  results  in  a  loaded  Q  requirement  of  350, 
which  is  certainly  modest  for  crystal  oscillator. 

We  have  assumed  the  frequencies  of  interest  to  be 
above  those  dominated  by  oscillator  thermal  effects. 
Most  mapping  radars  have  integration  times  of  less  than 
ten  seconds.  The  lowest  sideband  frequency  of  interest 
is  then  0.05  Hz,  which  is  generally  within  1/f3  region 
for  oscillators  with  modest  temperature  control. 

It  is  convenient  to  measure  the  low  frequency  sta¬ 
bility  in  the  time  domain,  using  computing  counter 
techniques.  Using  the  frequency  -  time  transforms  in 
NBS  Tech  Note  632  ,  the  time  domain  stability  require¬ 
ment  for  common  oscillators  becomes: 


Integration  time  T^  is  function  of  resolution,  aircraft 
velocity,  and  geometry,  and  may  vary  significantly. 
Allowing  to  assume  all  values  less  than  TiMAX  results 


i  2T.  2fD 

iMAX 

Low  frequency  instabilities  (f)  appearing  on 
both  transmit  and  LO  receive  significant  cancellation 
as  observed  in  the  receiver.  The  oscillator  stability 
requirement  is  relaxed  by  the  amount  of  this  cancella¬ 
tion.  The  ratio  of  common  and  independent  stability 
requirements  is : 

-Xi(f)  ,2 

•yCc(fi  ~  4  sin  (nfTRT>  (4! 

Trt  is  the  radar  round  trip  time.  The  common 
phase  noise  requireemnt  is  then  approximately  (figure 
2)  : 


c(fl  <  8tt^DTrt^ f 3 
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For  example,  an  X  band  coherent  mapping  radar  with  30 
dB  dynamic  range  and  250  microsecond  round  trip  time 
requires  low  frequency  stability  of  5.9  x  10“ 10  over 
observation  times  of  perhaps  0.1  to  10  seconds  (figure 
3)  . 

Synthesizer  Building  Blocks 

Westinghouse  has  developed  a  "Building  Block" 
approach  to  the  synthesizer  problem.  Several  synthe¬ 
sizers  have  been  constructed  recently,  each  from  simi¬ 
lar  hardware,  but  having  a  diversity  of  performance 
parameters  including  operating  band,  channel  density, 
bandwidth,  and  switching  speed.  The  use  of  common 
"Building  Blocks"  such  as  crystal  oscillators,  fre¬ 
quency  multipliers,  and  VCO's  offers  significant  cost 
and  time  savings,  particularly  for  small  programs  or 
emerging,  highly  competitively  programs  where  new  and 
extensive  hardware  development  can  have  severe  impact. 

Airborne  Radar  synthesizers  must  need  a  diversity 
of  requirements  to  serve  the  various  radar  system 
modes.  Some  typical  requirements  which  the  "Building 
Blocks"  are  designed  to  accommodate  are: 

•  X  band  transmit  frequency 

•  300  to  600  MHz  coverage 

•  Phase  noise  flocr  -120  to  -130  dB/Hz 

•  Short  term  stability:  5  x  10“ 10  (0.1  to  10  sec) 

•  5  to  50  MHz  channel  spacing 

•  Frequency  switching:  10  microseconds 

•  Spurious:  -50  to  -90  dB 


The  modulation  frequencies  of  interest  generally 
lie  in  the  1/f3  region  of  crystal  oscillator-multiplier 
sources,  whose  noise  in  that  region  i9: 


<s£„  .  2 


Here,  Fx  is  the  transmitted  frequency,  Q  is  the  cryBtai 
oscillator  loaded  Q,c^r(fi)  is  the  1/f  phase  noise  of 
the  crystal  oscillator  sustaining  circuit  observed  at 
modulation  rate  f i .  Equating  (S)  and  (7)  results  in 
the  crystal  oscillator  Q  requirement: 


c  >  <8> 

Note  that  the  Q  is  a  function  of  round  trip  time  and 
dynamic  range  but  is  independent  of  map  resolution. 

A  typical  X  band  airborne  mapping  radar  has  2S0 


There  are  a  large  number  of  synthesis  techniques  to  be 
considered  for  the  radar  application.  An  excellent 
survey  of  the  subject  has  been  conducted  by  Manasse- 
witsch.5  While  no  one  of  the  schemes  he  presents 
solves  the  radar  problem,  we  find  that  much  of  his 
descriptive  material  is  useful  and  his  analyses  of 
phase  noise  and  spurious  are  appropriate  for  deter¬ 
mining  whether  a  particular  synthesis  technique  will 
meet  the  radar  requirements.  His  analyses  and  measure¬ 
ments  verify  the  fact  that  many  of  the  commonly  used 
synthesis  techniques  fail  to  meet  the  radar  phase  noise 
and  band  cover  requirements. 


‘J.  H.  Shoaf,  D.  Halford,  A.  S.  Risely;  "High  Frequency 
Specification  and  Measurement:  High  Frequency  and 
Microwave  Signals”,  NBS  Tech  Note  632,  January  1973, 
pp.  33-46. 

’Mannassewitsch,  V.,  "Frequency  Synthesisers  Theory 
and  Design",  John  Wiley,  1976. 


Figure  4  is  an  example  of  the  frequency  synthesizers 
have  been  constructed  from  an  assortment  of  basic 
"Building  Blocks".  It  is  very  simple  in  concept  and 
provides  excellent  performance  in  the  airborne  radar 
application.  The  mechanization  provides  18  channels 
spaced  20  MHz  over  360  MHz  at  %  band.  The  phase  noise 
floor  is  essentially  that  of  the  crystal  oscillator- 
multiplier.  A  noise  floor  of  about  -124  dB/Hz  is 
readily  achieved. 

The  VCO,  typically  a  Gunn  device,  provides  the 
receiver  first  1X5  signal  at  frequencies  8640  ±  10  a, 

where  a  takes  on  values  (1,3, - 17).  The  VCO  is  mixed 

with  the  multiplier  output  (8640  MHz)  to  produce  phase 
lock  IF  frequencies  ranging  from  10  to  170  MHz.  These, 
in  turn,  are  mixed  with  0  (dc  current) ,  60,  or  120  MHz, 
then  divided  by  1,  3,  5  as  appropriate.  The  resultant 
10  MHz  second  IF  is  mixed  to  I-Q  video  to  develop  phase 
lock  error  signals. 

The  transmit  frequency  is  developed  by  simply 
mixing  the  VCO  frequency  with  660  MHz,  which  is  also 
the  receiver  first  IF  frequency.  The  receiver  second 
1X5  (720  MHz)  and  third  LO  (60  MHz),  as  well  as  various 
system  clocks,  are  generated  by  the  multiplier-divider 
chain.  High  speed  frequency  switching  (less  than  10 
microseconds)  is  achieved  by  the  use  of  a  simple  digi¬ 
tal  control  mechanism,  to  be  described  later.  Various 
peripheral  features,  such  as  passive  or  active  chirp, 
clutter  positioning,  beacon  offset,  can  be  conveniently 
added  as  required  by  the  specific  radar  application. 

This  synthesis  technique,  while  not  particularly 
unusual,  has  the  advantages  of  offering  a  fairly  large 
number  of  channels  (18)  while  being  simple  and  quite 
inexpensive.  It  has  one  significant  limitation  in  that 
it  cannot  readily  provide  very  close  frequency  separa¬ 
tion  without  forcing  the  phase  lock  second  IF  (10  MHz 
in  the  example)  to  be  too  low  in  frequency.  An  IF  of 
much  less  than  10  MHz  reduces  the  available  loop  band¬ 
width,  and  results  in  slow  acquisition  time  and  diffi¬ 
culty  in  suppressing  the  VCO  phase  noise.  IF's  of  10 
MHz  and  above  result  in  20  MHz  channel  spacing,  and 
phase  noise  and  transient  response  which  are  satisfac¬ 
tory  for  many  radar  applications. 

The  "Iterative  Mix  and  Divide"  synthesizer  des¬ 
cribed  in  figure  5  finds  application  in  systems  which 
require  channel  spacing  less  than  about  twenty  MHz. 

This  mechanization  consists  of  a  cascade  of  N  identi¬ 
cal  synthesis  sections,  resulting  (4  )  channels.  Each 
section  mixes  its  input  at  approximately  FQ  with  either 
of  3F0.  3F0  -  U,  3F0  -  2dF,  3F0  3bF.  The  sum  of 
these  is  filtered  and  divided  by  four,  then  passed  to 
the  next  stage.  The  final  output  can  be  at  either  F0 
or  4F0.  If  the  output  is  at  Fc,  the  channels  range 
from  Fc  to  F0  +  IF.  Adding  additional  stages  serves 
to  pack  the  output  bandwidth  more  tightly,  but  does 
not  change  the  bandwidth  coverage. 

This  synthesis  technique  is  particularly  attrac¬ 
tive  for  radar  application  for  several  reasons.  The 
final  frequency  divider  limits  the  phase  noise  floor 
to  about  -150  dB/Hz  if  commercial  counters  are  used. 
Healey'-  reports  that  this  can  be  significantly  im¬ 
proved  with  a  simple  "cleanup"  technique.  The  phase 
noise  floor  is  essentially  that  of  the  last  counter, 
regardless  of  the  number  of  cascaded  sections,  since 
additional  stages  phase  noise  is  divided  by  4,16  etc. 
The  phase  noise  floor  of  a  large  number  of  stager  is 
only  about  0.28  dB  greater  than  that  of  one  stage  if 
they  are  equal  and  uncorrelated.  The  more  important 
limitation  is  that  of  available  bandwidth,  which  is 


"d.  J.  Healey,  personal  correspondence 


limited  to  about  10  or  15  percent  if  reasonable  spurious 
are  required.  This  limits  the  available  output  band¬ 
width  to  about  100  to  ISO  MHz  if  commercially  available 
counters  are  used.  While  the  Iterative  Mix  and  Divide 
synthesizer  has  a  number  of  advantages ,  its  bandwidth 
limitation  makes  it  appropriate  for  only  a  limited 
number  of  radar  applications. 

Those  radars  which  require  a  large  number  of 
channels  spread  over  a  large  bandwidth  can  use  a  com¬ 
bination  of  synthesis  techniques.  Figure  6  describes 
a  hybrid  synthesizer  which  uses  a  simple  mix  and  divide 
synthesizer  to  obtain  a  narrow  (5  MHz)  frequency  steps, 
with  frequency  offsets  to  achieve  large  bandwidth 
(800  MHz).  The  mix  and  divide  synthesis  develops  any 
of  16  frequencies  covering  80  MHz  bandwidth  near  450 
MHz.  The  VCO  at  about  8  GHz  is  converted  to  VHF ,  then 
compared  with  one  of  the  sixteen  mix  and  divide  fre¬ 
quencies.  The  difference  is  converted  to  40  MHz  using 
either  dc,  160,  or  320  MHz.  Using  this  relatively  sim¬ 
ple  hardware,  we  obtain  160  channels  spaced  E  MHz  over 
BOO  MHz  at  X  band.  The  phase  noise  is  essentially  that 
of  the  crystal  oscillator-multiplier.  A  noise  floor 
of  about  -124  dB/Hz  is  typical. 

Freguency  Agility 

A  common  radar  synthesizer  requirement  is  for  very- 
rapid  switching  through  psuedo-random  patterns  of  trans¬ 
mit  frequencies.  The  patterns  may  cover  hundreds  of 
MHz  with  switching  times  of  five  or  ten  microseconds  to 
five  degree  phase  error.  It  is  difficult  to  reliably 
switch  conventional  phase  lock  circuitry  at  the  required 
rate  due  to  dwell  time  limitations.  The  dwell  time 
problem  is  described  by  Gardner'  and  others,  k  conven¬ 
tional  means  for  rapid  frequency  change  is  tc  sweep  tne 
VCO  to  the  correct  frequency,  phase  lock,  and  use  a 
quadrature  lock  indicator  to  disable  the  sweeper.  The 
sweep  rate  must  be  such  that  the  VCO  dwells  within  a 
loop  bandwidth  of  the  correct  frequency  for  several 
(perhaps  ten)  reciprocal  bandwidths.  If  the  VCC  search¬ 
es  linearly  over  bandwidth  Bs  for  time  Ts ,  to  find  loop 
bandwidth  bl,  reliable  lockup  is  achieved  when 


Ts  -  10/B. 


or 

-  ^  10BE 

‘s  -  By 

For  example,  to  search  a  600  tuning  MHz  bandwidth  using 
a  1  MHz  servo  requires  about  6  milliseconds.  This  com¬ 
pares  unfavorable  with  our  ten  microsecond  requirement. 
One  can  reduce  the  search  time  by  prepositioning  and 
restricting  the  sweep  range.  This,  however,  is  done  at 
the  expense  of  temperature  sensitivity  and  possifciy  the 
need  for  periodic  "pot"  adjustments  which  are  generally 
unacceptable  for  military  applications. 

There  are  an  array  of  analog  techniques  which  might 
be  used  to  hasten  the  frequency  change.  Various  dis- 
creminators,  filters,  detectors,  etc.  have  beer,  pro¬ 
posed  and  investigated  in  some  detail,  and  show  some 
promise . 

A  more  attractive  approach  has  been  tc  use  one  of 
a  number  of  digital  control  schemes,  or  possibly  a  com¬ 
bination  of  digital  and  analog  hardware.  Ar,  important 
consideration  is  whether  or  not  to  use  a  dicital-tc- 
analog  converter  (DAC) ,  since  one  of  the  required 
resolution  iperhaps  12  bits)  might  be  prohibitively 
expensive  in  some  applications.  The  use  of  a 
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suitable  DAC  and  control  logic  can,  however,  yield  ex¬ 
cellent  performance, 


Stability  Criterion  tor  Mapping  Radar 


A  very  simple  fast  acquisition  scheme  is  described 
in  figure  7.  It  utilizes  a  fast  sweep  on  the  VCO,  with 
a  conventional  zero- frequency  discriminator  (ZFD)  to 
disable  the  sweep  as  the  VCO  is  driven  to  the  correct 
frequency.  The  final  phase  lock  employs  I-Q  mixers  to 
develop  quadrature  video.  This  drives  logic  level  com¬ 
parators  and  the  "C"  and  MD"  inputs  of  a  "D"  flip-flop. 
This  logic  element  functions  by  transferring  the  "D" 
input  state  to  the  output  whenever  the  "C"  input  is 
strobed.  When  the  phase  lock  IF  frequency  Wjp  is  above 
reference  frequency  wR,  the  output  is  always  "1”.  Wjp 
less  than  wR  results  in  a  M0" .  Thus,  the  flip-flop 
changes  state  as  the  VCO  is  swept  through  WR.  This  dis¬ 
ables  the  VCO  and  allows  very  rapid  phase  lock.  Wave¬ 
forms  (figure  8)  associated  with  such  a  scheme  show 
that  the  ten  microsecond  switching  time  is  readily 
achieved.  Note  that  this  type  of  mechanization  avoids 
the  need  for  alignment,  does  not  require  linear  VCO 
tuning,  and  is  quite  insensitive  to  temperature  changes. 
These  features  make  it  particularly  suitable  for  mili¬ 
tary  applications. 

Packaging  Considerations 


T,  Varies  wit* 
Aircraft  Velocity,  ate 


Figure  1 


The  Westinghouse  synthesizers  are  packaged  using 
polyimide  substrates  on  aluminum  web  heat  sinks.  The 
board  material  is  similar  to  standard  printed  circuit 
boards  except  that  polyimide  resin  is  used  to  bond  the 
layers  of  glass  cloth.  The  result  is  a  very  high  temp¬ 
erature  bond  which  does  not  melt  at  normal  solder  temp¬ 
eratures  as  does  epoxy.  Chip  resistors,  chip  capaci¬ 
tors,  and  other  small  devices  can  therefore  be  used, 
resulting  in  substantial  size  reduction.  The  material 
is  somewhat  lossy,  averaging  1.6  dB/wavelength  from 
100  MHz  through  X  Band.  While  higher  than  desirable, 
the  loss  is  acceptable  in  many  applications  through 
about  2  GHz  since  it  is  much  less  expensive  to  use  than 
alternates  such  as  ceramic.  Thermal  conductivity  of 
the  polyimide  material  is  similar  to  that  of  epoxy 
glass  boards,  and  is  much  less  than  ceramic.  Conse- 
auently,  appropriate  care  must  be  used  when  using  de¬ 
vices  with  significant  power  dissipation.  Dielectric 
constant  (4.8)  is  similar  to  that  of  epoxy  glass. 

Figure  9  is  an  example  of  synthesizer  construction  on 
polyimide  substrates. 

Conclusion 


A  family  of  frequency  synthesizers  for  airborne 
radars  has  been  configured.  The  use  of  common 
"Building  Blocks"  for  various  applications  allows  rapid 
and  cost  effective  response  to  quick  reaction  or  low 
quantity  applications.  Rapid  frequency  switching  is 
accomplished  by  appropriate  combination  of  digital  and 
analog  techniques.  The  use  of  polyimide  substrates  is 
cost  effective,  although  its  relatively  high  loss  may 
make  it  inappropriate  for  some  applications. 


Frequency  Domain  Stability  Requirement 
for  Airborne  Mapping  Radar 


Figure  2 


Time  Domain  Stability  Requirement 
for  Airborne  Mapping  Radar 
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Figure  3 


18-Channel  Radar  Synthesizer 
Covering  360  MHz  et  X-Band 


Figure  4 


Logic  Waveforms  for  Digital  Control 
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Iterative  Mix  and  Divide  Synthesis 
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Switching  Time 
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160-Channel  Radar  Synthesizer 
Covering  800  MHz  at  X-Band 
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Figure  6 


Figure  9 


FREQUENCY  TOLERANCE  LIMITATIONS  WITH  LOGIC  GATE  CLOCK  OSCILLATORS 


John  D.  Holmbeck 

Northern  Engineering  Laboratories,  Inc. 
Burlington,  Wisconsin 


Some  expensive  design  errors  are  arising  on  a  large 
scale  due  to  lack  of  fundamental  understanding  of 
resonant  circuit  theory  and  its  place  in  crystal 
oscillator  design  by  many  designers  of  digital  inte¬ 
grated  circuits  for  clock  oscillators.  In  some  cases 
they  are  adequate  for  their  intended  purpose  but  the 
published  data  sheets  do  not  point  out  the  limit¬ 
ations.  With  better  understanding  of  oscillator  de¬ 
sign  principles,  most  of  these  devices  could  be  far 
more  versatile  at  negligabie,  if  any,  increase  in 
cost.  They  should  also  be  more  completely  character¬ 
ized  in  the  literature  so  better  informed  decisions 
can  be  made  as  to  the  suitability  of  a  specific  de¬ 
vice  for  a  given  application. 

First,  it  would  be  useful  to  have  a  brief  qualitative 
review  of  the  requirements  for  making  a  crystal  unit 
function  in  an  oscillator  and  how  to  best  utilize 
its  unique  properties. 

A  crystal  controlled  oscillator  can  generally  be  de¬ 
scribed  as  an  amplifier  with  a  feedback  network  con¬ 
taining  a  crystal  resonator.  To  sustain  oscillation, 
the  loop  gain  must  exceed  unity  at  a  frequency  at 
which  the  total  loop  phase  is  2niT(n  »  0  or  some 
./hole  integer).  The  level  will  be  determined  by  the 
self-limiting  characteristics  of  the  loop  or  an  ex¬ 
ternal  AGC  circuit  acting  upon  it. 

Crystal  controlled  oscillators  can  generally  be  div¬ 
ided  into  two  groups.  Those  that  can  close  the  phase 
loop  with  a  resistor  in  place  of  the  crystal  are 
loosel  /  cal  led  "series  resonant".  2nir  i 
The  crystal  is  inserted  in  the 
feedback  loop  to  correct  phase  — | 

instabi  I  ity  with  a  minimum  of 
frequency  change,  (see  figure  1) 

The  amplifier  may  be  noninvert-  _ — — I 

mg.  It  may  also  be  an  invert-  *“  network 
er  followed  by  a  transformer,  .  Q„  i 

LC,  or  RC  network  or  another 
active  inverter.  Figure  I 

The  other  type  is  an  inverting  amplifier  using  the 
crystal  as  a  reactance  (usually  positive)  in  a  phase 
inverting  feedback  network.  This  is  commonly  (and 
loosely)  called  a  "parallel"  or  "ant I -resonant" 
oscillator,  (see  figure  2) 


If  some  frequency  adjustment  is 
desired  on  the  first  type  of  osc- 
II I  it  or,  a  capacitor  Ci  can  be 
Inserted  in  series  with  the  cry¬ 
stal.  To  close  the  phase  loop, 
the  crystal  frequency  will  shift 
until  Its  reactance  cancels  XC.  . 
(see  figure  3) 
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Figure  2 


If  the  oscillator  is  ideal,  the  crystal  in  this  case 
is  not  operating  at  series  resonance.  This  is  obv¬ 
ious  to  the  crystal  maker  but  not  to  many  spec  writ¬ 
ers  and  circuit  "designers". 

In  the  case  of  the  positive  reactance  oscillator, 
capacitors  in  the  phase  inverting  network  can  be 

varied  for  frequency  adjustment,  i - ~l 

(see  figure  k)  |  I  *  M 

So  far  we  have  covered  only  I  i(l(i 

the  ideal  case,  180°  invert-  ' — - " 

ers  or  0°  amplifiers.  With  p.  . 

discreet  circuits,  the  errors  igure 

may  be  small  enough  to  endure 

if  not  ignore  in  many  applications.  Also,  the  cir¬ 
cuit  designers  generally  had  enough  analog  background 
to  cope  with  such  problems  and  the  production  feed¬ 
back  loop  is  fairly  short  so  minor  design  correct¬ 
ions  can  be  made  as  the  project  goes  on. 

With  I.C.'s  we  have  an  entirely  different  situation. 
Most  logic  gates  were  not  originally  intended  to  be 
oscillators.  Tney  can  be  used  for  that  function  with 
varying  degrees  of  success  provided  they  are  properly 
characterized.  There  is  nothing  inherently  wrong 
with  using  a  device  for  a  purpose  for  which  it  was 
never  intended,  better  known  as  improvising.  There 
are  two  paths  to  success  In  such  an  endeavor.  They 
are:  Is  blind  luck,  2:  knowing  what  is  inside  the 
"black  box"  and  what  to  do  about  it. 

No  further  comment  will  be  made  on  method  I  because 
everyone  has  their  own  system  for  dealing  with  it. 
Even  method  2  suffers  from  the  fact  that  a  number 
of  people  receiving  the  same  information,  will  not 
necessarily  draw  the  same  conclusions  from  it. 

In  the  case  of  the  non-inverting  oscillator,  usually 
made  up  of  2  inverters,  especially  in  the  case  of 
I.C.'s  where  they  are  cheap  and  plentiful,  the  prin¬ 
cipal  problem  arises  from  two  sources,  phase  error 
and  phase  instability. 

I.)  The  inverter  usually  does  not  invert  exactly 
180°.  For  best  stability  the  feedback  loop 
should  be  capable  of  closing  only  thru* the 
motional  arm  of  the  equivalent  circuit  of 
the  crystal  unit.  Unfortunately  In  most 
digital  I.C.'s  the  phase  error  is  In  the 
wrong  direction,  making  the  oscillator  app¬ 
ear  inductive  producing  the  situation  shewn 
in  figure  7.  i> 


Figure  3 


Figure  7 


If  the  L  Is  very  small  so  it  resonates  at 
a  very  high  frequency  with  Col  It  will  cause 
only  a  slight  lowering  of  crystal  frequency 
and  not  much  else.  As  It  gets  larger  It  re¬ 
sonates  closer  to  the  operating  frequency, 
causing  serious  frequency  shifts.  Generally 
Leq  Increases  with  frequency,  adding  to  the 
problem.  On  some  devices  the  frequency/ I n- 
ductance  curve  Is  complex  as  in  figure  8. 


Figure  8 


2.)  Being  made  up  of  amplifier  phase  delay,  Leq 
is  very  unstable  because  it  Is  a  function  of 
the  instantaneous  operating  conditions  on  the 
amplifier  elements.  This  Is  bad  enough  with 
circuits  in  which  the  capacitors  and  resist¬ 
ors  are  conventional  components,  but  when 
they  are  made  up  of  active  devices  the  re¬ 
sults  can  be  many  times  worse.  Active  react¬ 
ances  also  generally  are  less  stable  with 
temperature. 

Both  of  these  problems  are  compounded  In  the  dual  In¬ 
verter  circuit  because  the  surplus  of  loop  gain  that 
is  usually  available  makes  It  able  to  oscillate  thru' 
most  any  feedback  path.  If  Leq  is  fairly  large  It 
may  free-run  thru' the  pin  to  pin  capacitance  on  the 
1C,  the  leads  to  the  crystal  unit  or  C0  on  a  dead 
crystal. 

In  most  of  these  circuits,  when  the  frequency  gets 
high  enough  so  the  gain  is  falling  off  enough  to 
predict  some  improvement,  the  phase  delay  has  also 
increased  Leq  so  the  expected  Improvement  does  not 
occur.  Some  1C  makers  have  sought  the  answer  to  this 
problem  by  having  a  computer  design  developed 
for  a  crystal  unit  that  will  not  be  so  susceptible 
to  frequency  pulling  by  the  oscillator.  Unfortunate¬ 
ly  the  resulting  designs  are  not  very  producible. 

When  TTL  first  became  popular,  starting  was  a  problem 
because  the  digital  approach  was  to  have  an  inverter 
either  cut  off  or  saturated.  Many  designers  had  no 
background  in  the  conditions  necessary  for  an  oscill¬ 
ator  to  start.  It  took  some  time  to  convey  the  Idea 
that  it  had  to  be  biased  In  the  linear  region  to 
start.  Unfortunately  on  some  of  the  earlier  devices, 
variations  from  sample  to  sample  and  temperature  made 
reliable  starting  a  serious  question. 

For  the  oscillator  to  start,  the  loop  must  contain 
sufficient  noise  at  the  proper  frequency  end  hope¬ 
fully  not  too  much  at  some  other  frequency  where 
the  gain-phase  loop  could  close.  Fast  switching  is 
not  the  secret  of  success  In  this  case,  even  If  It 
is  the  "In"  thing  in  dlgltel  circuits  beceuse  most 
of  the  unwanted  responses  of  o  crystal  unit  are 
higher  In  frequency  than  the  desired  ones. 


With  flexure  mode  units,  usually  below  100  KHz,  the 
extension  mode  can  start  faster  than  the  desired 
mode,  In  some  cases  preventing  the  desired  mode 

from  starting,  making  it  shift  after  starting  or  In 
some  cases,  operating  on  both  modes  simultaneously. 

Another  frequent  problem  In  the  range  of  square  DT 
cuts  is  the  strong  extension  mode  at  2.28  times  the 
main  mode.  Except  near  the  upper  frequency  limit  of 
most  gate  type  oscillators,  they  often  start  easier 
at  the  higher  frequencies. 

The  fast  wavefronts  also  represent  energy  at  freq¬ 
uencies  at  which  the  reactance  of  C_  may  be  low  en¬ 
ough  to  cause  trouble,  even  with  fairly  low  Leq*  , 
One  of  the  most  popular  TTL  gate  oscillator  circuits 
is  shown  In  figure  1 1. 


If  the  inverters  were  ideal  It  could  be  considered 
a  series  resonance  oscillator  and  putting  a  load 
capacitor  In  series  with  the  crystal  would  make 
the  crystal  operate  as  a  positive  reactance  In 
which  case  It  would  not  be  a  series  resonance 
oscillator.  In  the  usual  gate  1C  the  phase  shift 
In  an  Inverter  Is  not  180"  so  the  oscillator  looks 
Inductive  at  Its  terminals  as  shown  in  figure  12. 


Figure  12 


In  this  case  a  capacitor  must  be  put  in  series 
with  the  crystal  to  bring  It  to  series  as  shown 
in  figure  13. 


Figure  13 


With  an  appropriate  capacitor  range,  the  crystal 
can  be  tuned  either  side  of  series  resonance. 
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At  first  glance  this  looks  like  an  ideal  situation 
but  it  Is  not,  for  a  number  of  reasons.  The  prin¬ 
cipal  problem  is  the  Instability  and  scatter  of  the 
oscillator  Inductance.  Also,  the  inductance  usually 
Increases  with  increasing  frequency,  so  the  capacit¬ 
or  required  to  cancel  it  would  rapidly  approach  C0 
and  may  be  even  smaller. 


The  data  sheet  on  the  8224  does  acknowledge  a  "small 
problem*'  with  the  following  footnote.  “When  using 
crystals  above  10  MHz,  a  smai I  amount  of  frequency 
trimming  may  be  necessary.  The  addition  of  a  small 
capacitance  (3  to  lOpf)  in  series  with  the  crystal 
will  accomplish  this  function".  In  view  of  the  data 
shown,  this  seems  to  be  understated. 


A  good  example  of  this  problem  is  shown  in  figure 
14  on  the  8224  which  is  promoted  as  the  standard 
clock  oscillator  for  the  8080  microprocessor. 


Figure  14 


The  next  two  slides  show  what  happens  to  crystal 
performance  with  this  type  of  device  and  what  pro¬ 
duction  spread  from  one  manufacturer  looks  like. 
Some  manufacturers  hold  better  tolerances  than 
others  but  the  data  sheets  do  not  specify  the  fact¬ 
ors  critical  to  oscillator  stability  or  operation. 
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They  also  sanction  overtone  operation  with  the  state¬ 
ment  that  overtone  mode  crystals  generally  have  much 
lower  "gain"  than  the  fundamental  type  so  an  external 
LC  network  is  necessary  to  provide  additional  gain 
for  proper  operation.  Experience  with  this  device 
indicates  such  operation  is  precarious  at  best.  With 
2  MHz  crystals  it  operates  only  on  the  3rd  overtone 
at  6  MHz  because  the  waveform  has  so  much  more  energy 
at  the  higher  frequency. 

Some  manufacturers  of  the  8224  have  found  that  it  is 
possible  to  improve  these  shortcomings  somewhat  with 
only  minor  changes,  but  it  is  still  suitable  only 
for  loose  tolerances. 

Improvements  requiring  drastic  changes  in  IC's  are 
very  expensive  and  take  many  months  to  put  into  pro¬ 
duction.  In  the  meantime  large  quantities  of  the 
existing  devices  are  in  circulation,  so  the  only 
solution  is  to  provide  adequate  and  accurate  infor¬ 
mation  on  their  limitations.  This  should  induce  the 
1C  makers  to  do  their  design  work  and  data  sheets 
more  thoroughly.  Many  of  these  problems  could  have 
been  designed  out  initially  at  minimal  cost  compared 
to  the  detours  to  which  their  customers  are  unexpect¬ 
edly  subjected. 

Another  popular  clock  oscillator  is  the  I2060L. 
Fortunately  the  manufacturer  has  published  consider¬ 
able  information  on  its  behavior  as  an  oscillator 
but  figure  18  presents  more  useful  information  and 
represents  the  average  of  several  units.  The  pro¬ 
duction  spread  is  not  as  bad  as  many  other  devices. 
This  device  gets  into  serious  problems  at  a  fairly 
tow  frequency.  For  higher  frequencies  the  1 2061 L 
is  suggested.  Its  behavior  with  frequency  is  shown 
in  figure  19- 


Figure  18 

*Cl'  Is  capacitance  required  to  cancel  LSq,  bringing 
circuit  to  series  resonance.  Not  to  be  confused 
with  CL,  which  is  to  raise  frequency  above  series 
resonance. 
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Figure  19 

Mote  the  peak  at  4  MHz.  It  can  be  seen  from  this 
that  measurements  made  only  around  2  MHz  or  over 
8  MHz  can  give  an  unrealistically  optomistic  pic¬ 
ture  if  any  part  of  the  application  is  near  4  MHz. 

The  14410  MOS  series  is  an  example  of  a  good  device 
with  a  deficient  data  sheet.  For  example,  for  1  MHz 
it  says:  Crystal  Mode  -  parallel.  The  crystal  mode 
is  fundamental  .thickness  iiear.  It  operates  in  what  is 
loosely  called  a  parallel  circuit  but  nowhere  does 
it  give  the  load  capacitance,  which  is  important  to 
frequency  calibration.  It  does  give  CQ  as  "7pf  typ¬ 
ical"  which  is  doubtful.  Few  I  MHz  crystal  units  in 
the  HC-6/U  enclosure  run  much  over  3pf.  Electrodes 
large  enough  to  provide  7pf  at  1  MHz  would  barely 
fit  in  the  can. 

No  mention  is  made  of  the  fact  that  an  improvement 
can  be  made  in  stability  on  this  unit  by  adding  cap¬ 
acitors  from  each  side  of  the  crystal  to  common,  and 
the  resulting  effects.  White  this  may  be  of  little 
consequence  in  the  application  for  which  It  was  in¬ 
tended,  it  Is  often  put  to  other  uses  and  such 
basic  data  should  be  provided. 

Another  device  that  needs  better  published  data  is 
the  74S 1 24  family  which  is  basically  a  VC0  but  with 
a  data  sheet  that  suggests  its  use  as  a  crystal  con¬ 
trolled  clock  oscillator  as  well.  Results  are  shown 
in  figure  22. 
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Figure  22 

A  further  problem  conmon  to  the  124  as  well  as  the 
4201  and  S 1 856  is  severe  frequency  shift  with  changes 
of  crystal  resistance.  None  of  these  effects  are 
listed  in  the  literature. 

The  data  presented  so  far  describes  the  primary  pro¬ 
blems  with  these  relatively  new  devices.  Some  of  the 
attempted  solutions  (with  varying  degrees  of  success 
or  failure,  depending  on  point  of  view)  provide  an 
interesting  commentary  on  the  clash  of  outlook  bet¬ 
ween  people  of  varying  technical  vintage. 

Take  for  example,  the  designer  who  needs  a  calibra¬ 
tion  tolerance  of  +I00PPM  for  his  system,  so  he  ord¬ 
ers  crystal  units  to  a  +50PPM  tolerance  and  plugs 
them  into  a  device  that  gives  a  production  spread 
of  +500PPM.  The  obvious  solution  is  to  tighten  the 
crystal  tolerance  -  but  the  question  is  "How  much"? 
There  Is  a  basic  lack  of  understanding  of  how  a  cry¬ 
stal  or  any  other  tuned  circuit  controls  frequency. 

Some  crystal  manufacturers  attempt  to  simplify  infor¬ 
mation  exchange  with  customers  by  publishing  a  list 
of  crystal  unit  part  numbers  versus  1C  types  for 
which  they  are  recommended.  For  the  devices  with 
reasonable  characteristics  and  systems  with  wide  tol¬ 
erances  this  has  some  virtue.  It  also  has  some  draw¬ 
backs.  It  gives  no  clue  as  to  the  performance  that 
can  be  expected,  nor  does  It  reveal  the  magnitude  of 
.the  differences  between  types  which  might  allow  a 
different  choice  of  1C  if  the  first  one  turns  out 
to  be  Inadequate,  it  also  liqpl  ies  that  if  you  order 
that  part  number  crystal  unit  for  that  1C,  your 
troubles  are  over,  when  they  have  only  begun. 

The  whole  1C  data  situation  needs  drastic  upgrading. 
One  of  the  best  is  the  RCA  Application  Note  ICAN- 
6539.  While  it  has  some  minor  errors,  if  they  were 
all  that  thorough,  the  savings  of  time  and  money 
would  be  well  worthwhile.  It  was  done  by  an  engineer 
who  did  his  homework,  not  by  an  advertising  agent  or 
marketing  department  clerk.  In  the  words  of  an  old 
Eimac  satire  vacuum  tube  data  sheet,  "Tests  conducted 
in  our  sales  department  show  that  the  performance  is 
twice  as  good  as  you  will  find  It  to  be". 


Figure  21 


Much  confusion  is  generated  by  new  and  original  names 
or  abbreviations  for  wel i  known  terms.  This  is  a 
quick  way  to  Identify  questionable  data.  If  the 
writer  is  not  familiar  with  the  terms  he  Is  using, 
the  information  has  a  high  probability  of  being  wrong, 
incomplete  or  misleading.  A  prime  example  is  such 
terms  as  C,  or  Cm  for  the  motional  capacitance  of  a 
crystal  resonator.  IEEE  and  IEC  standards  list  It  as 
C|  and  for  good  reason.  Original  abbreviations  often 
turn  out  to  have  other  meanings  already  established. 
For  example  Cm  is  modulus  of  compliance. 


f.  -  FREQ.  OF  RESONANCE  OF  SERIES  ARM 
f  =  FREQ.  OF  MIN.  IMPEDANCE 
f  -  FREQ.  OF  ZERO  REACTANCE  AT  RESONANCE 
f  -  FREQ.  OF  ZERO  REACTANCE  AT  ANT  I -RESONANCE 
f  -  FREQ.  OF  MAX.  IMPEDANCE 
fp  -  FREQ.  OF  PARALLEL  RESONANCE 

Quite  a  nurrtber  of  crystal  manufacturers  make  the 
same  error.  Near  the  back  of  the  Synpos  ium  proceed¬ 
ings  Is  a  list  of  the  standards  with  which  specifica¬ 
tion  and  technical  data  sheet  writers  and  engineers 
should  be  familiar.  They  give  terms  and  definitions 
as  well  as  abbreviations. 

Another  area  that  needs  attention  Is  drive  level.  It 
may  or  may  not  be  a  problem  in  a  given  application. 

The  number  of  crystal  specs  for  IC's  or  1C  data  sheets 
that  have  obviously  taken  their  drive  level  figures 
from  MIL-C-3098  is  an  Indication  that  the  people  In¬ 
volved  have  not  determined  the  level  to  be  expected 
In  their  circuits.  In  many  cases  they  represent  the 
state  of  the  art  In  an  era  when  crystal  oscillators 
produced  watts  of  output  from  a  300*  volt  supply  and 
the  transistor  had  not  yet  been  developed.  They  are 
not  necessarily  appropriate  for  the  latest  devices  of 
today.  A  missing  drive  level  spec  is  better  than  an 
erroneous  one. 

The  "engineer  of  yesteryear"  also  discovered  the  fact 
that  at  some  frequencies  capacitors  are  Inductive, 
Inductors  are  capacitive  and  resistors  can  be  either 
or  both  -  and  active  devices  all  3,  plus  negative  re¬ 
sistance.  Thus,  stray  resonances  could  turn  up  un¬ 
expectedly  end  usually  did.  These  problems  were 
resolved  In  the  process  of  putting  the  components  to¬ 
gether  Into  a  specific  device  for  a  specific  purpose. 
If  one  component  resulted  In  a  problem  in  a  given 
situation,  It  would  be  replaced  in  minutes,  and  a 
design  change  was  complete  except  for  the  paperwork. 


With  the  1C  this  process  has  been  moved  to  a  stage 
where  changing  one  unsuitable  component  In  a  device 
for  one  application  is  expensive,  takes  several 
months  and  may  make  It  unsuitable  for  another  app¬ 
lication  into  which  It  has  already  been  successfully 
designed. 

In  the  case  of  devices  developed  and  used  for  a  spec¬ 
ific  purpose,  It  is  difficult  to  rationalize  some  of 
the  designs  now  in  use,  especially  without  the  limit¬ 
ations  carefully  spelled  out  in  the  application  data. 
Some  of  the  worst  examples  are  casually  mentioned, 
as  if  they  were  no  real  problem  at  all. 

One  examp  I e  of  the  difficulty  this  can  create  Is  as 
follows:  Microprocessors  are  a  convenient  tool  for 
handling  the  complex  combinations  required  in  freq¬ 
uency  synthesizers.  The  microprocessor  system  has 
Its  own  clock  oscillator,  so  why  not  use  It  as  the 
time  base  for  the  frequency  synthesis?  After  the 
system  is  designed  is  an  expensive  time  to  discover 
that  the  clock  oscillator  stability  of  10“V*C  is 
not  satisfactory  for  the  carrier  on  a  single  side¬ 
band  system. 

There  are  some  very  good  devices  on  the  market  in 
which  the  design  was  done  or  assisted  by  people  ack- 
nowl edgable  In  oscillator  theory  and  requirements. 
These  generally  are  also  better  characterized  In 
the  data. 

In  summary,  a  quartz  crystal  resonator  is  an  analog 
and  not  a  digital  device.  To  use  it  with  a  digital 
device,  a  number  of  factors  must  be  taken  Into  acc¬ 
ount  that  can  be  treated  more  lightly  or  Ignored 
when  using  only  digital  devices. 

To  arrive  at  a  given  frequency,  the  phase  shift  bet¬ 
ween  the  oscillator  terminals  must  be  considered  an 
integral  part  of  the  frequency  determining  network. 

In  order  to  do  this,  the  device  must  be  properly 
characterized.  Ideally  this  should  be  done  by  the 
1C  manufacturer  In  the  configuration  recommended  and 
become  part  of  the  published  data.  Above  all,  it 
should  be  correct.  The  1C  maker  should  also  realize 
that  there  are  limits  to  the  range  of  attainable 
crystal  parameters  just  as  there  are  limits  to  the 
range  of  semiconductor  parameters.  The  data  should 
also  Include  signal  levels  at  the  crystal  terminals 
as  well  as  a  bibliography  of  good  references. 

Certainly  the  technical  facts  presented  here  are  well 
known  in  the  crystal  Industry.  What  Is  not  so  wel I 
appreciated  Is  the  magnitude  of  the  problems  des¬ 
cribed  and  how  rapidly  they  are  proliferating.  The 
digital  Industry  has  given  us  many  marvelous  new 
developments  but  the  rapid  expansion  of  digital 
knowledge  has  In  some  cases  obscured  the  principles 
upon  which  It  was  built.  If  analog  and  digital 
people  are  to  accomplish  things  together,  each  of  us 
must  learn  some  of  the  other  language  or  find  a  good 
translator. 


•4 


References 

1.  Technical  Report  EC0H-26I7  The  Effect  Of  Load 
Capacitors  On  The  Frequency  Of  Quern  Crystals. 
Arthur  0.  Ballato 

2.  C opponents  Bulletin  Ho.  6.  Guide  to  the  use  of 
Quartz  Crystals  for  Frequency  Control,  EIA 

3.  I EEE  1 77 .  The  Piezoelectric  Vibrator;  Definitions 
and  Methods  of  Measurement 

4.  I  EC  Publication  122.2.  ( I nternat ional  version  of 
EIA  Bui  let  in  No.  6. ) 

5.  I  EC  Publication  302.  Standard  Definitions  and 
Methods  of  Measurement  for  Piezoelectric  Vib¬ 
rators  Operating  Over  the  Frequency  Range  up 
to  30  MHz. 

6.  I  EC  Publication  4A4.  Basic  Methods  For  The  Meas¬ 
urement  of  Frequency  and  Equ’valent  Series  Resis¬ 
tance  of  Quartz  Crystal  Units  by  Zero  Phase  Tech¬ 
nique  In  A  »  -Network. 

7.  Analysis  and  Oesiqn  of  Crystal  Oscillators  , 

A061 1-200,  EQ0M  2474.  Eric  Hafner,  Available 
from:  Defense  Documentat ion  Center,  Attn:  D0C- 
TCA ,  Cameron  Station,  Bldg.  5,  Alexandria,  VA 
22314 

8.  Radio  Engineering.  Terman  (McGraw  Hill) 

9.  Electromechanical  Transducers  and  Wave  Filters. 
Warren  P.  Mason.  Pub.  by  0.  Van  Nostrand  Co. 


m 
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Summary 

A  new  type  of  hybrid  circuit  crystal 
controlled  clock  oscillator  has  been  devel¬ 
oped.  The  foundation  for  this  approach  has 
been  provided  by  the  efforts  of  W.  Shockley, 
W.  D .  Beaver,  K*.  L.  Smith  and  others  as  pre¬ 
sented  in  previous  frequency  control  sympos¬ 
ia. 

The  circuit  essentially  consists  of  a 
logic  gate  biased  in  its  linear  region 
(which  serves  as  the  gain  element)  and  a 
monolithic  coupled  dual  resonator  for  the 
frequency  selective  feedback  path.  The  de¬ 
vice  is  called  a  monolithic  crystal  oscill¬ 
ator  (MXO) .  The  MXO  utilizes  hybrid  cir¬ 
cuitry  resulting  in  a  new  type  oscillator 
which  equals  the  performance  of  existing 
clock  oscillators  in  general,  surpasses 
their  performance  in  some  areas  and  remains 
very  economical  to  construct.  This  paper 
discusses  the  design  considerations  and  pre¬ 
sents  test  data  from  several  groups  of  MXOS. 

REVIEW  OF  COUPLED  RESONATOR 

The  crystal  designed  for  this  oscill¬ 
ator  is  an  acoustically  coupled  dual  reson¬ 
ator.  It  basically  consists  of  two  single 
resonators  on  a  quartz  wafer ,  with  a  coup¬ 
ling  coefficient  which  is  determined  pri¬ 
marily  by  the  plating  configuration.  Fig¬ 
ure  1  shows  the  amplitude  and  phase  versus 
frequency  plot  of  a  crystal  near  the 
standard  IF  frequency  of  10.7  MHz  with  a 
bandwidth  between  the  symmetric  and  anti¬ 
symmetric  modes  of  approximately  12  KHz. 

(For  this  application  the  bandwidth  is  not 
a  critical  parameter) .  As  one  can  see  the 
crystal  displays  180*  of  phase  shift  at 
the  symmetric  point  of  minimum  attenuation 
and  0*  at  the  antisymmetric  point.  It  is 
obvious  that  either  an  inverting  or  non¬ 
inverting  amplifier  could  serve  as  the  gain 
element  in  completing  an  oscillator  circuit. 
One  should  also  note  that  the  source  and 
load  impedance  to  the  resonator  should  be 
kept  at  a  minimum  to  preserve  the  circuit 
response  Q,  since  they  are  directly  in 
series  with  each  resonator  of  the  coupled 
pair. 

THE  CIRCUIT 

For  our  purpose  a  Schottky  TTL  NAND 
gate  was  selected  as  an  inverting  amplifier 
element.  The  remainder  of  this  paper  will 
be  restricted  to  that  device  although  many 
other  inverting  and  noninverting  gates 
available  could  be  considered.  The  Schottky 
NAND  gate  was  chosen  for  several  reasons. 

It  possesses  a  small  propagation  delay,  the 
input  and  output  impedances  are  relatively 
low  and  it  enjoys  a  wide  market  resulting 
in  a  low  purchase  cost  for  the  device. 


The  propagation  delay  of  the  device  is 
an  important  parameter  since  it  is  a  deter¬ 
mining  element  in  the  oscillator's  frequency 
stability.  The  slope  of  the  resonator  phase 
versus  frecruencv  curve  is  steepest  at  the 
0°  and  180°  points.  Any  device  delav  shifts 
the  operating  frequency  lower  ana  into  a 
portion  of  the  chase  curve  with  a  lower  slope, 
deteriorating  the  stabilitv  of  the  unit.  In 
addition,  if  the  gate  displays  a  large  prop¬ 
agation  delay  it  will  generally  have  large 
variations  in  that  delay  as  a  function  of 
such  variables  as  supply  voltage,  temperature, 
and  time.  This  will  produce  shifts  in  phase 
at  the  initially  lower  slope  coint  in  the 
curve.  Obviously  this  results  in  major 
fluctuations  in  frequency  as  a  function  of 
the  variables  mentioned.  The  Schottkv  NAND 
gate  typically  exhibits  only  4  nanoseconds 
of  delay. 

Since  low  input  and  output  impedances 
are  important  in  preserving  the  response  Q, 
the  Schottky  gate  receives  another  plus.  The 
output  impedance  of  the  device  in  this  appli¬ 
cation  is  typically  less  than  50  ohms.  The 
input  impedance,  though  highly  nonlinear  and 
thus  a  function  of  drive  amplitude,  is  rouqhlv 
300  ohms  and  slightly  capacitive  for  the 
levels  which  normally  occur  in  this  applica  - 
tion. 

The  method  of  linearizing  the  gate  con¬ 
sists  of  a  negative  feedback  bias  utilizing 
two  resistors  (see  Figure  2).  The  value  of 
R2  is  chosen  to  insure  that  the  gate  will  re¬ 
main  in  its  transition  region.  The  purpose 
of  R1  is  to  establish  a  DC  level  at  the  gate 
input  which  will  provide  50/50  symmetry  at 
the  output.  The  circuit  parameter  sensitiv¬ 
ity  to  these  resistors  is  low  resulting  in 
loose  tolerances  for  both.  To  maintain  a 
plus  or  minus  5  per  cent  symmetry  band  R1 
must  be  maintained  within  10  per  cent  and  R2 
within  20  per  cent. 

The  gain  and  phase  versus  frequency 
characteristics  have  been  empirically  deter¬ 
mined  from  evaluation  of  many  74S00  gates 
biased  in  the  above  manner.  Figure  3  dis¬ 
plays  the  typical  response  seen.  The  gain 
curve  data  was  taken  by  driving  the  gate 
amplifier  at  low  amplitude  input  levels  which 
did  not  drive  the  device  into  a  nonlinear 
output  mode.  The  phase  data  was  determined 
at  a  drive  level  which  normally  occurs  during 
oscillation.  Source  and  load  impedances  to 
the  device  were  50  ohms  in  both  cases.  From 
data  taken  over  a  6  month  period,  it  appears 
that  the  maximum  deviation  from  this  plot  is 
typically  25  per  cent  for  the  gain  response 
and  30  per  cent  for  the  phase  curve. 
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TEST  DATA 

At  this  time  many  MXO's  have  been  manu¬ 
factured  in  both  coldweld  TO-8  and  ceramic 
dual-in-line  packages.  The  total  circuit 
consists  of  the  oscillator  previously  des¬ 
cribed  and  a  gate  connected  to  the  oscillator 
output  for  isolation.  Hybrid  thick-film 
construction  techniques  were  used  in  that 
the  resistors  and  interconnections  were 
screen  printed  onto  a  substrate  and  a  74S00 
IC  was  epoxy  bonded  to  the  substrate  and 
electrically  connected  via  wire  bonds.  An 
open  crystal  was  then  mounted  onto  the  sub¬ 
strate  and  final  adjusted  in  the  circuit 
with  vacuum  deposition  techniques .  The  seal 
was  accomplished  with  a  coldweld  process  for 
the  TO-8  and  a  ceramic  cover  was  epoxied  to 
the  dual-in-line  unit. 

Several  units  were  pulled  at  random 
from  the  manufacturing  line  and  the  data  was 
collected  which  is  presented  here.  Figure  4 
exhibits  the  mean,  standard  deviation  and 
range  for  a  frequency  versus  supply  voltage 
test.  The  upper  set  of  data  represents  the 
maximum  deviation  from  the  nominal  frequency 
at  5.0  volts .  The  lower  set  is  the  total 
change  in  frequency  from  4.5  to  5.5  volts. 
Figure  5  displays  the  statistics  of  rise 
time  and  fall  time  tests  (between  the  .4 
volt  and  2.4  volt  levels)  as  a  function  of 
temperature  variation.  Figure  6  shows  duty 
cycle  data  as  a  function  of  both  supply  volt¬ 
age  and  temperature.  Figure  7  presents  the 
start-up  characteristics  of  the  oscillators. 
The  first  portion  of  data  was  collected  from 
a  measurement  of  time  delay  between  the  app¬ 
lication  of  a  step  in  voltage  (from  0.  volts) 
and  the  presence  of  a  full  waveform  at  the 
output  terminal.  The  second  portion  of  the 
data  represents  the  supply  voltage  at  which 
the  unit  first  begins  oscillating  when  a  slow 
ramp  is  applied  to  the  supply  terminal.  Fig¬ 
ure  8  exhibits  frequency  versus  temperature 
data.  Obviously  this  is  primarily  a  function 
of  the  particular  cut  of  the  crystal.  Actual 
contribution  of  propagation  delay  shift  was 
measured  by  isolating  the  crystal  in  a  sta¬ 
ble  temperature  environment  and  varying  the 
temperature  of  the  remainder  of  the  circuit. 
Typical  frequency  shift  from  0°C  to  70°C  at 
10  MHz  was  found  to  be  less  than  3  parts  per 
million  (ppm) .  Aging  data  is  shown  in  Figure 
9  ■  f  or  units  assembled  in  a  coldweld  TO-8 
package.  The  rates  are  primarily  a  function 
of  sealing  processes  but  delay  shift  with 
time  was  also  a  concern.  Several  of  these 
units  were  opened  at  the  conclusion  of  thi3 
test  and  propagation  delay  was  found  to  have 
shifted  a  maximum  of  6  per  cent.  Power  drain 
information  was  also  gathered  over  a  period 
of  time  from  over  1000  units.  Typical 
supply  current  was  16  milliamperes  (ma)  and 
the  absolute  maximum  drain  from  the  supply 
at  5.5  volts  was  30  ma. 


CONCLUSION 

In  conclusion,  the  authors  believe  that 
the  MXO ,  with  a  total  of  only  4  components, 
the  crystal  cost  not  being  significantly 
higher  than  standard  single  resonators  of 
similar  quality,  is  a  very  economical  design 
to  manufacture.  Also  the  design  maintains 
high  standards  of  performance  relative  to 
most  TTL  system  applications. 
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FIGURE  2  MXO  SCHEMATIC 


FIGURE  1 


FREQUENCY  VERSUS  AMPLITUDE  AND 
PHASE  FOR  A  DUAL  RESONATOR 


VOLTAGE  COEFFICIENT  FOR  143  UNITS 

Conditions  <  Room  T£mp£Ratur6  ,  54S00, 

10  Standard  TTL  Loads 

Worst  Case 

5  Volts  i  10%  X  =  0.750  PPM 
<^*0.44  PPM 
Range  =0.203  to  2036  PPM 


Over  4.5  to 

65  \Axt  Range  X  =  1.055  PPM 
0.61  PPM 

Range  =0.203  to  2.035  PPM 


RISE  AND  FALL  QM£  F£R  J4J  flCS 

Conditions:  -55*  C.  0*C  AND  80*C,  S4S00, 

10  STANOARD  TTL  LOAD, 
FREQUENCY  8-24  MHZ 

-55*C _ tfC _ 80*0 

Rise  Ti«:  S*  364  NS  S*272  ns  S*290ns 

cr=  015  NS  <='■  0  49  NS  «"*  0.49  ns 

RANGE:  *34  to  3.9  NS  :  *  2  TO  4  NS  :*  2  TO  4  NS 

FALL  TIME:  X*  2.92  NS  X  *  2  92  NS  X  *  292  NS 

er.  0.20  NS  <='«  0.33  NS  eF*  064  NS 

Range  =  27  to  3.2  NS  *  I  TO  3  NS  :  *  2  TO  4  ns 

FIG.  5 


FIGURE  4  VOLTAGE  COEFFICIENTS 


FIGURE  5  RISE  AND  FALL  TIMES 


DUTY  CYCLE  (SYMMETRY)  FOR  143  UNITS 

Conditions:  voltage  5 Volts  *10%,  54S00, 
10  STANDARD  TTL  LOAD 
-55°C;  X  *  50.48% 
o'"*  2.44  % 

RANGE  =  48  TO  52.5% 

0°C  X  *  51.24% 

O'*  1.14% 

RANGE  =  49  TO  54% 

80°C-  X  =  51.49% 
o'*  0.99% 

RANGE  =  49  TO  54% 

FIGURE  F  DUTY  CYCLE 


STARTING  TIME  AND  VOLTAGE  FOR  J6  UNITS 
0*C  TO  80*  C,  54S00,  10  STANDARD  TTL  LOAD 

VOLTAGE  4.5  5.0  5.5 

MAX.  STARTING  TIME  1.0  MS  0.8  MS  0.2  MS 
STARTING  VOLTAGE  <3.5  VOLTS 

FIGURE  7  START-UP  CHARACTERISTICS 

AGING  DATA  (TO  UNITS) 

CONDITIONS 

PACKAGE  TO -8 
TIME  10,000  HRS 
TEMP.  85°  C 


TEMPERATURE  TESTS  FOR  72  UNITS 
Conditions:  5  Volt  .supply,  74S00 
0*C  TO  80#C:  X- 13.22  PPM 
cr'-  7.55  PPM 
RANGE  -  2.6  TO  29.5  PPM 

-55°C  TO  80°  C ■  X=  22.78  PPM 

<^=  14.26  PPM 
RANGE  =2.0  TO  48.4  PPM 


X  =  4-.  5  PPM 
F  =  5.  a  PPM 
RANGE  =  17 A  PPM 

FIGURE  0  AGING  DATA 


FIGURE  9  TEMPERATURE  COEFFICIENTS 


FIGURE  10  TO-P  AMD  DIP  MXO ' S 
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Summary 

In  connection  with  a  VHF  mobile  radio 
design  effort  at  Iran  Electronics  Industries, 
a  narrow  deviation  voltage  controlled  crystal 
oscillator  (VCXO)  circuit  has  been  developed 
that  exhibits  near  linear  tuning  charac¬ 
teristic  and,  unlike  previously  reported 
circuitry,  is  extremely  simple  and  straight¬ 
forward  in  design  and  highly  economical 
with  regard  to  material  and  fabrication  costs. 

The  design  principle  makes  use  of  a 
linear  reactance  modulator  incorporating 
abrupt  junction  varactor  diode  developed  by 
\t.  Driscoll  and  previously  reported  by 
Driscoll  and  Healey  in  connection  with  the 
design  of  a  wide  deviation  VCXO  for  radar 
application.  Because  the  total  oscillator 
tuning  requirements  are  only  on  the  order 
of  1  part  in  105  however,  much  of  the  circuit 
complexity  has  been  eliminated,  and  the 
problem  of  interdependence  between  linearity 
and  center  frequency  adjustment  has  been 
solved.  Network  equivalence  theorems  have 
been  utilized  to  reduce  the  total  number  of 
required  circuit  inductances  to  only  one,  and 
the  composite  resonator  has  been  re¬ 
configured  to  operate  on  the  series  resonance 
of  its  impedance  characteristic  allowing 
simple  means  for  prevention  of  oscillation  at 
spurious  network  resonances  through  the 
addition  of  a  single  resistor. 

Laboratory  measurement  of  transmitter 
FM  distortion  using  a  number  of  FM  oscillator 
modules  reveals  repeatable  achievement  of 
less  than  0.5%  distortion  with  linearity 
adjustment  and  less  than  l*s%  without  any 
adjustment.  Also,  the  achievment  of 
repeatable  linear  tuning  characteristic  has 
simplified  the  oscillator  modules  so  that 
required  temperature  stability  is  obtained 
by  addition  of  NTC  capacitors  to  the  oscil¬ 
lator  circuit  and  a  single  simple  3  point 
thermistor  compensation  circuit  that  is 
easily  designed  and  provides  simultaneous 
temperature  dependent  compensating  voltage 
for  all  radio  oscillator  modules.  The 
oscillator  design  also  allows  for  direct 
parallel  connection  of  multiple  modules 
(for  multichannel  operation)  having 
commonly  connected  tuning  input  and  signal 
output  ports. 

Introduction 

The  upper  VHF  band  allocated  for  mobile 
radio  communications  covers  the  frequency 
range  132  to  174  MHz  with  +5  KHz  deviation 
standard  for  narrow  band  FM  systems.! 


This  deviation  corresponds  then  to  +29  to  +38 
ppm  transmitter  carrier  shift.  Minumum 
standards  establised  for  VHF  mobile  trans¬ 
mitters  specify  10%  maximum  modulator 
distortion  and  0.0005%  maximum  carrier  drift 
over  an  operating  temperature  range  of  -30 
to  60°C. 2 

Carrier  long  term  stability  requirements 
are  such  that  the  transmit  (and  receiver  local 
oscillator)  frequencies  must  be  crystal 
controlled  and  that  either  temperature  com¬ 
pensation  or  control  of  the  crystal  unit(s) 
is  required.  Largely  due  to  size  and  power 
consumption  considerations,  temperature 
control  is  an  unacceptable  alternative,  and 
temperature  compensation  is  employed  even  in 
less  expensive  commercial  transceivers. 

The  most  common  means  employed  for 
temperature  compensation  of  the  quartz  crystal 
unit  involves  modification  of  the  crystal 
oscillator  circuit  for  voltage  tuning,  coupled 
with  the  use  of  thermistor  networks  designed 
to  provide  a  temperature  dependent  voltage 
characteristic  that  "tunes"  the  oscillator 
so  as  to  cancel  its  frequency  drift  with 
temperature. 

It  would  appear  that  since  voltage 
tuning  of  the  oscillator  is  required  for 
temperature  compensation,  this  capability 
could  also  be  utilized  for  required  audio 
modulation  of  the  transmit  carrier  frequency 
as  well.  This  is  usually  not  the  case  with 
transceivers  on  the  market  today  however, 
because  previously  reported  means  for 
linearization  of  the  oscillator  tuning 
characteristic  have  proven  too  complex  to  be 
cost  effective.  Instead,  phase  modulation  of 
a  fixed  frequency  carrier  is  employed.  Due 
to  the  high  modulation  index  required  at  low 
audio  rates  (even  at  sub-multiples  of  the 
final  transmit  frequency) ,  it  becomes 
necessary  to  use  several  cascaded  phase 
modulators,  each  providing  typically  less 
than  one  radian  peak  phase  excursion.  Also, 
de-emphasis  circuitry  (in  addition  to  the 
usual  pre-emphasis  plus  limiting  circuits) 
must  be  included  for  simulation  of  true  FM. 
Clearly,  if  the  problem  of  inexpensive  means 
for  linear  crystal  oscillator  tuning  could 
be  solved  in  a  way  that  would  not  degrade 
oscillator  frequency  stability  or  increase 
oscillator  size  and  complexity,  direct  FM  as 
well  as  temperature  compensation  could  be 
achieved  with  significant  reduction  in 
overall  transceiver  cost  and  complexity. 


Backgroud 


In  1967,  one  of  the  authors  devised  a 
scheme  for  the  designe  of  a  crystal-controlled 
voltage-tunable,  composite  resonator  that 
exhibited  near  linear  relationship  between 
applied  tuning  voltage  and  composite 
resonator  resonant  frequency.  The  resonator 
design  was  based  on  the  development  of  a 
linear  reactance  modulator  incorporating 
abrupt  junction  varactor  diodes.  The  main 
objective  of  that  effort  was  directed  by 
Messrs.  Driscoll  and  Healey  towards  the 
successful  development  of  a  wide  deviation 
voltage  controled  crystal  oscillator  (VCXO) 
capable  of  0.1  to  0.5  percent  tuning  for 
radar  application.3  The  resulting  circuit, 
while  highly  successful,  was  more  complex 
and  costly  than  the  type  of  oscillator 
circuitry  employed  in  modern  mobile  trans¬ 
ceivers.  Much  of  the  circuit  complexity 
resulted  however,  from  the  servere  perform¬ 
ance  requirements,  including  the  requirement 
for  relatively  large  tuning  range. 

In  connection  with  a  mobile  transceiver 
development  program  conducted  at  Iran 
Electronics  Industries,  the  potential 
for  use  of  the  linear  reactance  modulator 
concept  in  the  design  of  a  simpler,  narrow 
deviation  VCXO  was  investigated. 


Linear,  Narrow  Deviation  VCXO 
Composite  Resonator 

Figure  1  shows  the  reactance  versus 
voltage  characteristic  exhibited  by  an 
abrupt  junction  varactor  diode  whose  ca¬ 
pacitance  is  given  by: 


C.  =  KV  "7  (V  =  V  +  0  )  (1) 

2  a 


(w%Vi)2v 


(4) 


Letting  d2X/dV2  =  N(V)/D  (V),  and  setting 
N(V)  =0  (at  the  inflection  point: 
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L,C2  =  (V-V0  +  ♦  )  (5) 
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or,  in  terms  of  the  4-volt  capacitance: 


Setting  =  0.5  and  rearranging 
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terms : 
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Substituting  the  expression  for  L_  in 
equation  (5)  into  equation  (4) ,  we  find  the 
expression  for  the  slope,  K2,  of  the 
reactance  characteristic  at^the  inflection 
point: 


Again,  equation  (8)  may  be  written  in  terms  of 
diode  4-volt  capacitance: 


where  V  =  the  applied  tuning  voltage,  Va  plus 
the  contact  potential,  v  =0.6  volts.  For  the 
abrupt  junction  diode,  7=0.5.  These  diodes 
are  usually  specified  in  terms  of  the  4-volt 
(applied  voltage)  capacitance,  where: 

c2  =  (t-ir-?  <2> 


Figure  3  shows  the  reactance  versus 
frequency  characteristic  for  the  crystal  unit 
with  static  capacitance,  0o,  antiresonated  by 
means  of  a  parallel  inductor,  Lc.  In  the 
vicinity  of  crystal  unit  series  resonance, 
the  reactance  characteristic  is  near  linear 
and  is  given  (approximately)  by: 


Figure  2  shows  the  reactance  versus 
voltage  characteristic  exhibited  by  a  parallel 
diode/inductance  combination.  As  can  be  seen 
from  the  figure,  there  is  an  inflection  point 
in  the  characteristics  (shown  where  the  ap¬ 
plied  voltage  =  V0) ,  and  the  characteristic 
is  near-linear  in  the  vicinity  of  the  inflec¬ 
tion  point.  The  expression  for  the  reactance 
of  the  circuit  of  figure  2  is: 

x“  (3) 


=  2L^  ohm* sec/radian  (11) 

From  figures  2  and  3  it  can  be  seen 
that  if  the  networks  of  figures  2  and  3  were 
connected  in  series,  as  shown  in  figure  4,  the 
resulting  network  would  exhibit  near-linear 
relationship  between  series  resonant  frequency 
and  tuning  voltage  (shown  for  a  tuning  voltage 
range  of  Vi  to  V2  and  a  frequency  range  “1 
to  ’2  in  figures  2  and  3,  respectively),  with 
overall  resonance  occuring  slightly  above 
crystal  unit  series  resonance.  The  resulting 
tuning  sensitivity  given  as: 


Differentiating  with  respect  to  voltage: 

-wL,(7w2L,KV"  (7  +  1,\ 
dX/dv  =  K2  -  ~^-2kv-V-i^ - J 


^ 2~ ^ \  //Vj-VjN  raiians/volt- 

'  '  '  >  / 1  ■> 


We  can  also  write: 

K,  *  KiK0  ohms/volt 


sec 
(12) 

(13) 
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Substituting  from  equations  (10  and  (11) ,  we 
can  rewrite  (13)  as: 


or. 


‘  *  [“£  J  [v^fWt]  =  2K°h  (14> 

1  (  16Ko  )  Cs  4  )  (v/(VQ+«')  (1+9))  (15) 


Equations  (IS)  and  (17)  comprise  the 
basic  design  equations  for  the  narrow 
deviation  VCXO  composite  resonator. 

In  an  effort  to  minimize  the  number  of 
circuit  inductances  (since  they  are  usually 
the  least  stable,  lossiest  resonator  compon¬ 
ents,  and  do  not  lend  themselves  to  miniatur- 
zation) ,  we  can,  as  shown  in  figure  4,  combine 
LQ  and  I<2  without  effectively  altering  the 
resonant  frequency  versus  voltage  character¬ 
istic  of  the  dipole,  as  long  as  the  series 
resonant  frequency  does  not  approach  the 
parrallel  resonant  frequency  of  the  crystal 
unit.  Figure  5  shows  the  reactance  versus 
frequency  characteristic  for  the  circuit  of 
figure  4(b).  As  can  be  seen  from  the  figure, 
in  addition  ot  the  desired  resonance  at  u>0  , 
there  is  an  undesired  or  spurious  resonance 
at  gj'q  below  cjq  .  We  will  deal  with  the 
problem  of  suppression  of  this  spurious 
resonance  later  in  the  paper. 

The  Sustaining  Stage 

Figure  6  shows,  in  generalized  form,  the 
connection  of  the  composite  resonator  to  the 
sustaining  stage  to  form  the  oscillator.  The 
sustaining  stage  acts  as  a  negative  resistance 
generator  whose  input  impedance  is  given 
ideally  by: 

ZIN  =  "3  (jcj  +  wScgCgtVgm+Rg)  (16) 

The  second  term  of  equation  (16)  constitutes 
the  negative  resistance  term.  Re  constitutes 
a  form  of  local  negative  feedback  which  may 
be  included  in  the  circuit  in  order  to 
stabilize  the  negative  resistance  term 
(and  thus  the  excess  gain  of  the  oscillator) 
against  variations  in  gm.4  Also  shown  in 
figure  6  is  a  variable  reactance  (C3,  C4) 
which  has  been  included  in  the  circuit  to 
provide  a  means  for  center  frequency  adjust¬ 
ment  of  the  oscillator.  The  net  reactance 
due  to  the  center  frequency  and  sustaining 
stage  circuits  "seen"  by  the  composite 
resonator  is  capacitive  and  has  negligable 
effect  on  the  linearity  or  tuning  sensitivity 
exhibited  by  the  composite  resonator,  so 
long  as  this  reactance  is  small  compared 
to  that  of  the  crystal  unit  static  capa¬ 
citance.  This  is  illustrated  in  figure  7. 

As  shown  in  figure  7,  the  effect  of  a  capaci¬ 
tive  load  is  to  chage  the  apparent  value  of 
crystal  unit  motional  inductance  (proport- 
tional  to  X,  and  thus  tuning  sensitivity) , 
as  well  as  apparent  static  capacitance.  Of 


course,  once  C3  through  Cg  have  been  selected, 
their  effect  in  modifying  the  apparent 
values  of  crystal  unit  parameters  can  be 
predicted  and  accounted  for  in  the  design 
of  the  composite  resonator.  It  should  be 
appreciated  here  that  an  additional  inductor 
could  be  placed  in  series  with  the  crystal 
unit  to  tune  out  the  reactive  portion  of  the 
sustaining  stage  input  impedance,  or,  for 
that  matter,  of  both  the  sustaining  stage 
and  modulator  capacitive  reactances 
(permitting  operation  about  the  series 
resonant  frequency  of  the  crystal  unit) . 

For  reasons  previously  listed  however,  this 
was  not  done  for  our  application. 

As  can  be  seen  from  figure  6,  the  crystal 
unit  is  now  effectively  "loaded"  by  a  net 
capacitive  reactance  due  to  the  sum  of  the 
reactances  of  the  modulator,  center  frequency 
adjustment,  and  sustaining  stage  circuits. 

The  equivalent  load  capacitance  due  to  these 
is  easily  computed,  and  the  crystal  unit 
frequency (nominal  oscillator  frequency)  is 
specified  with  the  appropriate  value  of 
nominal  load  capacitance. 


Design  Example 

Figure  8  shows  the  actual  schematic 
diagram  for  an  FM  source  designed  to  operate 
at  12.5  MHz  with  a  nominal  tuning  sensitivity 
of  250  Hz/volt  and  a  maximum  tuning  range  of 
+  500  Hz.  As  a  starting  point  in  the  design 
procedure,  the  value  for  crystal  unit  motional 
capacitance  of  0.02pF  was  chosen.  This  type 
of  crystal  unit  will  have  C q  250C,  =  5  pF, 
and  a  reasonable  value  for  crystal  unit 
series  resistance  lies  in  the  range  15  to 
25  ohms.  Ly  for  the  crystal  unit  =  8.1057  mH, 
so  that  the  reactance  slope  in  the  vicinity  of 
series  resonance  «  2L^  =  0.0162  ohm- sec/ 
radian.  Choosing  C4  =  82  pF  and  C3  =  15-60 
pF  will  therefore  provide  a  reactance 
variation  of  40  ohms  for  center  frequency  ad¬ 
justment:  more  than  enough  to  accommodate  a 
a  +  0.001  percent  adjustment  range.  C,  = 

Cg  =  220  pF  and  RE  =  R5  =  22  ohms  (with  gm  * 
0.2mohs  at  5  mA  transistor  current)  will  pro¬ 
vide  a  negative  resistance  of  approximately 
93  ohms.  The  oscillator  excess  gain  will 
therefore  be  on  the  order  of  lOdB,  assuming  a 
composite  resonator  net  series  resistance  of 
approximately  30  ohms  (primarily  due  to  lo,sses 
in  the.  crystal  unit,  plus  additional  loss 
introduced  by  Rg) .  Rg  is  included  in  the 
circuit  as  an  extremely  simple  means  of  pre¬ 
venting  oscillation  at  the  spurious  resonance 
of  the  composite  resonator  («0  in  figure  5). 
This  can  be  explained  as  follows:  Over  the 
desired  tuning  range  of  the  oscillator,  the 
maximum  reactance  exhibited  by  the  crystal 
unit  is  on  the  order  of  500  ohms.  With  R,  = 

33  Kohms,  the  maximum  equivalent  series 
resistance  due  to  Rg  is  only  7  ohms.  At  the 
spurious  resonance  however,  the  reactance 
of  the  crystal  unit  is  substantially  that  of 
its  static  capacitance  (approximately  3700 
ohms) ,  and  the  equivalent  series  resistance 
introduced  by  Rg  is  on  the  order  of  400  ohms. 
Since  this  is  much  larger  than  the  negative 
resistance  gernerated  by  the  sustaining 
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stage,  oscillation  at  the  spurious  resonance 
is  prevented. 


The  net  capacitive  reactance  due  to  C3 
through  C*  is  on  the  order  of  225  ohms, 
corresponding  to  an  equivalent  capacitance  of 
56  pF.  From  figure  7  therefore,  the  apparent 
values  for  crystal  unit  motional  inductance 
and  static  capacitance  (as  "seen*  by  the 
modulator)  are  8.83  mH  and  4.6  pF,  respec¬ 
tively.  Choosing  a. nominal  varactor  bias  of 


VQ  =  5.6  volts,  and  solving  equation  (15) 
for  C  4 : 


£  4 


16  (2»)  (-250HZ/V) 


2  it  (12.5  X  106)  (8.83  X  10~3)  V<6.2)  (4.6) 


=  97pF 


This  is  close  enough  to  the  standard  value  of 
100  p? ,  so  that  a  100  pF  diode  is  selected. 
Now,  from  equation  (7), 


L2  = 


4»2 (12.5X106)^100X10 


-12) 


/ 5.6+. 

V  4  +. 


=  5 . 65(/H 


The  crystal  unit  apparent  static  capacitance 
is  4.6  pF.  Therefore  LQ  =  35uH.  hi  = 
the  parallel  combination  of  L,  =  5.65  mH  and 
-  35(iH  or  4.86</H.  A  molded  choke  having 


an  inductance  of  4.7«H  was  used  for  L, 


Figure  11  illustrates  the  method 
selected  fo  extraction  of  signal  power  from 
the  oscillator  module  and  also  indicates  the 
means  of  combining  multiple  modules  (one  per 
channel)  having  common  signal  output  and 
tuning  input  ports.  Signal  current  is 
extracted  at  the  sustaining  stage  transistor 
collector  terminal  via  a  common  base  buffer 
amplifier  exhibiting  very  low  input  impedence. 
In  this  manner,  the  voltage  developed  at  the 
sustaining  stage  collector  terminal  is  small, 
and  feedback  effects  (via  the  transistor  col¬ 
lector  to  base  capacitance)  due  to  load 
variations  are  minimized.  The  selection  of 
relatively  large  excess  gain  in  the  sus¬ 
taining  stage  results  in  an  oscillator  output 
current  consisting  of  a  small  conduction  angle 
sinusoid,  so  that  extraction  of  the  third 
harmonic  of  the  fundamental  oscillator 
operating  frequency  at  the  buffer  output  is 
possible.  Subsequent  multiplication  by 
four  in  the  transmitter  and  three  in  the 
receiver  results  in  generation  of  final 
transmit  and  receiver  local  oscillator  signal 
at  VHF . 


Temperature  Compensation 


The  most  suitable  type  of  crystal  unit 
for  use  in  this  application  is  the  so- 
called  AT  cut  whose  temperature  charac¬ 
teristic  is  shown  in  figure  12.  As  can  be 
seen  from  the  figure,  for  a  +  2  minute 
tolerance  in  the  cutting  angle,  the  frequency 
change  with  temperature  will  be  on  the  order 
of  +  0.001  percent  or  double  the  maximum 
allowable  drift  in  transceiver  carrier 


frequency.  Because  the  temperature  compen¬ 
sation  requirements  are  so  modest,  a  rela¬ 
tively  crude  and  simple  means  can  be  employed 
for  temperature  compensation  of  the  oscillator 
modules (s) . 

Table  1  indicates  the  various  values  for 
temperature  coefficient  required  in  C,  and 
Cg  of  figure  8  in  order  obtain  nominal  zero 
temperature  coefficient  at  room  temperature 
in  the  oscillator  frequency  temperature  char¬ 
acteristic.  Figure  13  shows  the  resulting 
temperature  characteristic,  with  the  shaded 
area  representing  the  region  of  uncertainte 
due  to  non-exact  coefficient  in  C5,  Cg. 

Also,  shown  in  the  figure  is  the  required 
three-section  thermistor  correction 
characteristic  required  for  oscillator 
compensation  at  the  low  and  high  ends  of  the 
temperature  range.  This  type  of  character¬ 
istic  is  extremely  easy  to  achieve  with  the 
use  of  the^ circuit  figure  14.  In  the  circuit 
of  figure  14,  at  the  low  temperature  portion 
of  the  operating  temperature  range,  Q3  is 
biased  off  due  to  RT2,  and  the  voltage- 
temperature  response  is  determined  by 
RT3.  Over  the  mid  temperature  range, 
both  and  Q,  are  biased  off,  and  the 
output  boltage  is  fixed  at  a  level 
determined  by  Rj  through  Rfi.  Similarly, 
at  the  high  end  of  the  operating  tempera¬ 
ture  range,  Qj  is  biased  off,  and  the 
circuit  response  is  governed  by  RT2 
variation  with  temperature.  Although  the 
compensation  circuit  offers  very  coarse 
three  section  straight  line  compensation, 
it  is  extremely  easy  to  design  using 
two  identical  thermistors  having  non 
critical  R-T  characteristic  and  can  be 
used  to  provide  simultaneous  compensating 
voltage  for  all  radio  oscillator  modules. 

Figure  15  shows  the  measured  response 
for  the  circuit  of  figure  14,  and  the 
frequency-temperature  charactertistic  measured 
for  the  uncompensated,  partially  compensated 
(C5,Cgcompensation  only),  and  fully 
compensated  oscillator  module  is  shown  in 
figure  16.  As  can  be  seen  from  figure  16 
compensation  to  +  3  ppm  was  readily  achieved 
using  the  technique  previously  described. 


Conclusions 

A  procedure  for  the  design  of  linear 
narrow  deviation  VCXO  ideally  suited  for 
mobile  transceiver  application  has  been 
presented.  The  procedure  makes  use  of  a  set 
of  straightforward  design  equations  for  the 
design  of  the  frequency  determining  portion 
of  the  oscillator  circuit,  and  the 
interrrelationship  between  circuit  element 
values  as  indicated  in  the  design  equations 
allows  the  circuit  designer  to  make 
intelligent  tradeoffs  in  selection  of  com¬ 
ponent  values  in  order  to  achieve  required 
device  performace.  Although  in  the 
application  described  the  number  of  circuit 
inductances  was  reduced  to  one,  added 
flexibility  can  be  achieved  with  the  additioi 
of  a  second  inductor  for  achieving  wider 
tuning  rages  with  operation  nominally  at 
crystal  unit  series  resonance.  Also,  an  ex- 


tremely  simple  means  for  suppression  of 
oscillation  at  composite  resonator  spurious 
resonances  has  been  described. 

The  sustaining  stage  has  been  configured 
so  as  to  minimize  lead  variation  effects  on 
oscillator  stability,  and  further  allows  for 
direct  parallel  connection  of  multiple 
modules  having  common  signal  output  and 
tuning  input  ports. 

Although  the  application  described  is 
for  generation  of  direct  FM  in  mobile 
transceivers.  The  device  can  find  important 
uses  in  other  systems  requiring  linear  narrow 
deviation  VCXO. 
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Figure  1.  Reactance  vs  Voltage  for 
Abrupt  Juntion  Diode 


Figure  3.  Reactance  of  Crystal  Unit  With 
Anti-Resonated  Crystal  Capacitance 
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Figure  2.  Reactance  vs  Voltage 
for  Parallel  Diode/Inductor 


Figure  4.  Combining  Inductors  In 
the  Composite  Resonator 
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Figure  5.  Reactance  vs  Frequency 
Characteristics  for  Composite  Resonator 
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Figure  8.  Transmitter 
(and  Receiver)  Oscillator  Module 
Schematic  Diagram 
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Figure  6.  Composite  Resonator  Connection 
to  Sustaining  Stage 


L,'=  L10  *(S/  ) 

Cq  -  CoCs/(Co  +  CS) 


PP 10'  0 

I 

-4 


-2  -  1 


Control  Voltage.  Vdc  - 


Figure  9.  Error  for 
Experimental  Oscillator  Modules 
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Figure  7.  Effect  of  Series  Capacitance 
On  Apparent  Crystal  Parameters 


Figure  10.  Frequency  Temperature  Drift 
for  Uncompensated  Oscillator  Module 
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Figure  11.  Oscillator  Module  Interconnection 
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Figure  12,  Frequency-Temperature 
Characteristics  At-Cut  Crystal  Unit 

TABLE  1 

REQUIRED  TEMPERATURE  COEFFICIENT 
IN  C5,C6  FOR  ROOM  TEMPERATURE  COMPENSATION 
OF  OSCILLATOR  FREQUENCY 


Crystal  Unit 

T.C.  at  25*C 
(PPMTC) 

C5.C6.T.C. 

(PPM/'C) 

Standard  T.C. 
Available 
(PPM/'C) 

0 

-750 

-1000 

-0.085 

-1900 

-2200 

-0.17 

-3000 

-3300 

-0.275 

-4200 

-4300 

-0.34 

-5300 

-5400 

.**  TC  =  200  PMJ'C 

9  <'"02)  T.C  =  -  2  mV/‘C 
C3.C4  TC.  =  -  150PPMTC) 
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Figure  13,  Graphical  Representation  Of 
Required  Thermistor  Circuit  Response 
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Figure  14 .  Temperature  Compensation  for 
IEI  Radio  Oscillator 
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Figure  15.  Thermistor  Bridge  Voltage 
vs  Temperature 


OiCtllJtor  Module 
frequency  v*  temperature 


frequency 

PPM 


not  compensated 
CjftC  105  PPM  (C 

-40-35  00 <7^20 
WWMlM  / 


-40-35  00  <75  -20  -15  -10  -5  5  10  15  20 

WIWMlM  / 

'•  /  ; 

y<j^20o  I 


Figure  16.  Oscillator  Module  Frequency 
vs  Temperature 
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Summary 


Crystal  oscillators  to  be  used  over  ex¬ 
tended  environmental  ranges  must  be  compen¬ 
sated  for  temperature  effects.  Since  these 
effects  repeat  in  temperature,  all  that  is 
needed  is  a  circuit  to  correct  the  oscilla¬ 
tor  frequency  and  some  form  of  memory.  A 
long  term  memory  circuit  that  has  developed 
into  a  cost  effective  solution  is  the  semi¬ 
conductor  Programmable  Read  Only  Memory 
(PROM) .  This  memory,  along  with  new  inte¬ 
grated  circuit  analog-to-digital  converters 
and  digital-to-analog  converters,  was 
successfully  used  to  temperature  compensate 
a  crystal  oscillator  to  better  than  ±1  ppm 
from  -30°C  to  +80°C. 


Introduction 

The  most  commonly  used  temperature 
compensation  networks  for  crystal  oscilla¬ 
tors  are  analog  networks.  Two  of  these,  the 
thermistor  varactor  networks  and  the  ther¬ 
mistor  capacitor  networks,  are  the  most 
widely  used.  The  thermistor  varactor  type 
network  generates  a  voltage  function  which 
is  impressed  across  a  voltage  variable 
capacitance  diode  (varactor)  that  is  in  the 
frequency  determining  loop  of  the  crystal 
oscillator.  The  voltage  changes  in  such  a 
way  that  the  oscillator  remains  within  a 
certain  specified  tolerance  of  the  desired 
frequency  for  the  temperature  range  of 
interest.  As  we  know,  this  voltage  function 
must  be  the  inverse  of  the  third  order 
Bechman  equations  for  the  angle  of  crystal 
cut  used  plus  the  nonlinear  effects  of  the 
varactor.  Also,  it  would  be  desireable  to 
pick  up  any  effects  of  the  individual  cir¬ 
cuit  and  crystal  used,  but  this  is  usually 
not  possible  due  to  increased  network 
complexity.  The  thermistors  and  resistors 
are  arranged  in  networks  similar  to  bias 
networks  that  take  advantage  of  the  non¬ 
linear  resistance  versus  temperature 
characteristics  of  the  thermistor  to 
generate  the  desired  voltage  function. 
Usually  more  than  one  network  iB  used  and 
the  voltages  are  summed  or  used  in  segments 
switched  in  or  out  by  transistor  switches. 

In  the  digital  approach  a  similar  type  of 
oscillator  is  used  but  with  digital  tech¬ 
niques  to  generate  the  voltage  function. 

In  the  thermistor  capacitor  temperature 
compensation  scheme,  thermistors  are  placed 
in  series  with  capacitors  to  effectively 
change  the  loop  reactance  with  temperature 


and  keep  the  oscillator  on  frequency.  Both 
of  these  techniques  use  thermistors  that 
have  historically  given  the  design  engineer 
many  headaches.  They  are  very  hard  to 
characterize,  usually  requiring  individual 
testing  and  sorting  to  obtain  enough 
accuracy  to  be  used  with  confidence.  The 
networks  used  generate  systems  of  equations 
that  require  computer  solutions  in  most 
cases.  Then,  after  the  thermistor  is  in  the 
circuit,  it  may  age  or  change  with  time. 

There  is  now  a  viable  solution  to  this 
dilemma.  Networks  have  been  built  using 
proven  digital  techniques  and  no  thermistors. 
The  basic  block  diagram  of  this  network  is 
quite  simple  although  the  individual  inte¬ 
grated  circuits  can  become  quite  sophisti¬ 
cated.  Indeed,  the  analog-to-digital  (A/D) 
converters  and  digital-to-analog  (D/A)  con¬ 
verters  have  been  the  last  integrated  cir¬ 
cuits  to  mature  because  of  the  cross  breeding 
of  digital  and  analog  design. 


Digital  TCXO 

The  digital  technique  starts  with  a 
thermometer  that  uses  a  diode  P-N  junction 
to  generate  a  voltage  versus  temperature 
function.  This  is  quite  linear  in  the 
desired  compensation  range  and  is  -2mV/C°. 

This  voltage  is  digitized  in  an  (A/D)  con¬ 
verter  and  the  parallel  digital  word  is  sent 
to  a  digital  memory.  This  digital  word  is 
used  as  the  address  for  a  new  digital  word 
stored  in  memory  or,  in  other  words,  the 
memory  is  used  as  a  look  up  table.  This 
new  digital  word  is  fed  in  parallel  to  a 
(D/A)  converter  that  generates  a  voltage  to 
bring  the  oscillator  to  the  desired  frequency. 
The  digital  technique  generates  a  segmented 
approximation  to  the  desired  function  with 
accuracy  controlled  by  the  number  of  segments, 
the  number  of  voltage  steps  available  for 
compensation  and  the  ability  of  the  circuit 
to  duplicate  the  original  programming. 

Because  this  is  a  segmented  approach,  some 
consideration  must  be  given  to  the  number 
of  segments  needed.  The  three  criteria 
needed  here  are  the  desired  accuracy,  the 
temperature  range  needed  and  the  steepest 
slope  to  be  compensated  for.  For  example, 
if  the  desired  accuracy  is  one  part  per 
million  (1  ppm)  and  the  steepest  slope  to 
correct  is  2  ppm/°C,  then  the  correction 
must  be  at  least  every  0.5°C.  If  the  tem¬ 
perature  range  to  be  covered  is  -30°C  to  +80°C 
or  110°C,  220  segments  are  required.  The 
next  largest  digital  word  has  256  bits  (or  an 
8  bit  byte)  which  gives  us  36  extra  bits  or 
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an  extra  18°C  that  can  be  used  to  extend  the 
temperature  range  9°C  on  either  end.  This 
also  has  a  desireable  effect  because  in  the 
digital  approach  the  compensation  stops  at 
the  last  address  so  the  extended  range  pro¬ 
tects  the  circuit  from  falling  out  of 
correction  too  rapidly. 

Now  for  the  other  half  of  the  job. 

The  oscillator  must  be  pulled  back  to 
reference  frequency  in  each  segment.  Be¬ 
cause  we  don't  care  what  the  actual  shape 
of  the  function  looks  like,  we  don't  care 
that  any  element  of  the  system  is  linear, 
only  that  it  is  monotonic.  We  only  care 
that  the  individual  voltage  steps  are  small 
enough  to  allow  a  change  of  one  least 
significant  bit  (1  LSB)  and  still  be  within 
desired  frequency  tolerance  and  have  enough 
individual  words  to  be  able  to  pull  in  the 
farthest  excursion  within  the  programming 
range  of  the  temperature  compensation 
network.  For  example,  if  a  1  ppm  oscillator 
were  desired  and  the  change  of  1  LSB  pro¬ 
duced  a  change  in  frequency  of  0.3  ppm,  the 
change  would  be  small  enough.  Then,  if  the 
uncompensated  crystal  changed  ±12  ppm,  at 
least  72  steps  would  be  required  for  perfect 
centering.  The  next  appropriately  sized 
byte  would  be  7  bits  or  128  steps.  Extra 
bits  can  be  used  for  greater  correction, 
centering  or,  if  available  to  external 
logic,  to  remotely  change  the  oscillator 
frequency. 

It  is  quite  evident  by  this  time  that 
the  programming  of  the  memory  with  256 
digital  words  for  each  oscillator  would  be 
a  prohibitive  task  if  it  weren't  for  auto¬ 
mation.  This  is  the  great  strength  of  this 
approach.  The  programming  can  be  completely 
automated.  The  programming  effectively 
tunes  out  all  parts  variations  and  crystal 
anomolies  as  long  as  they  repeat  in  time 
and  temperature. 

A  programmable  calculator  with  Inter¬ 
face  Buss  (IB)  capability,  a  counter  with 
IB,  and  a  general  digital  interface  are  all 
that  was  needed  to  produce  the  results  to 
be  shown. 


Programming  the  Memory 

The  automatic  system  used  to  gather 
the  data  necessary  to  program  the  Program¬ 
mable  Read  Only  Memory  (PROM)  consists  of 
a  CAM  programmed  environmental  chamber, 
frequency  counter,  programmable  calculator, 
and  PROM  programmer.  A  digital  thermometer, 
digital-to-analog  converter  and  X-Y  recorder 
were  also  part  of  the  system  but  were  only 
used  to  plot  frequency  versus  temperature 
curves . 

The  counter  is  programmed  and  read 
over  an  (IEEE  standard  488-1975)  interface 
buss.  The  calculator  can  send  and  receive 
to  the  oscillator  board  over  a  general 
digital  eight  bit  parallel  interface  buss. 
This  buss  plugs  directly  into  the  PROM 
socket  on  the  oscillator  board. 


For  the  programming  cycle,  the  calculator 
takes  the  place  electronically  of  the  PROM 
in  the  circuit.  First,  the  environmental 
chamber  is  driven  to  beyond  the  extreme 
temperature  at  one  end  of  the  working  range. 
Then  a  four  hour  CAM  is  set  to  take  the  tem¬ 
perature  to  beyond  the  other  extreme  limit 
linearly.  The  PROM  programming  program  is 
started  on  the  calculator.  The  temperature 
of  the  oscillator  is  read  from  its  own  A/D 
converter  and  is  a  digital  number.  The 
calculator  creates  a  memory  location  with 
this  number  as  its  address,  then  a  digital 
word  is  output  to  the  D/A  converter  on  the 
oscillator  board. 

The  frequency  is  read  by  the  frequency 
counter  and  compared  to  a  reference  number, 
the  desired  frequency,  stored  in  the  cal¬ 
culator.  If  the  frequency  is  not  within 
prescribed  limits,  the  output  word  is  either 
incremented  or  decremented  appropriately 
until  the  frequency  is  within  limits.  When 
the  correct  output  word  is  found,  its  digital 
value  is  stored  in  the  memory  location  of 
the  oscillator's  present  temperature  cap¬ 
tured  earlier.  This  cycle  is  repeated  for 
as  many  times  as  available  addresses  exist 
in  the  memory  equivalent  of  the  PROM  chip. 

This  programming  information  is  saved  on 
magnetic  tape .  In  our  set-up  the  magnetic 
tape  is  run  through  a  formatting  program  that 
converts  this  information  to  paper  tape 
which  is  in  a  form  acceptable  to  the  PROM 
programmer.  A  PROM  is  blown  (or  burned)  and 
tested  in  the  oscillator. 


Noise 

One  of  the  gremlins  that  plagues  a 
digital  oscillator  system  is  noise.  This 
can  take  two  forms;  first,  there  is  the 
susceptibility  of  the  system  to  noise 
entering  from  an  external  source,  and  second, 
the  noise  generated  by  the  system  itself  and 
then  retransmitted  to  the  output.  The  sus¬ 
ceptibility  of  the  circuit  to  noise  entering 
and  causing  a  logic  level  to  change  states 
is  a  function  of  the  logic  family  used,  but 
for  our  purpose  is  quite  small.  The  second 
source  is  quite  important.  The  digital-to- 
analog  converter,  by  its  very  nature,  is  a 
switched  device  which  in  our  case  also  has 
a  preset  period  during  which  time  it  may  or 
may  not  change  states.  This  output  must  be 
filtered  because  the  system  interprets  any 
unwanted  noise  here  as  modulation  impressed 
upon  the  primary  oscillator  loop.  The  lowest 
frequency  component  must  be  filtered  to  below 
system  design  goals. 

A  second  internal  cause  of  noise  is  the 
logic  circuits  in  the  system.  This  noise  is 
generally  typified  by  current  spikes  on  the 
power  supply  lines.  It  is  therefore  prefer¬ 
able  to  have  the  logic  circuits  on  a  separate 
supply  buss  or  connected  in  ahead  of  the 
final  voltage  regulation  and  decoupled  as 
thoroughly  as  possible. 

The  filtering  recommended  for  logic 
supply  lines  by  the  logic  manufacturer  is 
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only  adequate  to  keep  one  logic  device  from 
interfering  with  another.  It  is  completely 
inadequate  for  linear  circuitry. 


System  Timing 

The  system  update  frequency  determines 
how  often  the  temperature  information  is 
updated,  the  amount  of  power  drawn  by  the 
circuit,  and  some  of  the  filter  parameters. 
In  most  applications  this  can  be  relatively 
slow;  one  or  more  updates  a  second  should 
be  adequate.  For  faster  systems,  the 
system  can  be  allowed  to  free  convert  where 
the  end  of  one  cycle  will  trigger  the  start 
of  another.  This  can  be  hard  wired  and 
requires  no  external  parts,  the  trade-off 
being  between  power  and  system  complexity. 
If  the  oscillator  were  part  of  a  larger 
system  with  a  microprocessor  in  control, 
the  system  controller  could  ask  for  the  up¬ 
date  when  necessary  or  during  processor 
free  time.  Most  of  the  circuit  could  be 
shut  off  in  between  updates  as  long  as  the 
output  remained  latched. 


Oscillator  Temperature  Stability 

The  curve  at  the  end  of  the  text  is  an 
actual  temperature  response  plotted  auto¬ 
matically  on  an  X-Y  recorder.  Temperature 
is  along  the  horizontal  axis  and  the  output 
of  a  frequency  counter  is  sent  to  a  digital- 
to-analog  converter  and  is  plotted  along 
the  vertical  axis.  The  apparent  unevenness 
is  due  to  the  expanded  resolution  and  the 
gating  of  the  counter.  The  extended  time 
over  which  the  plot  was  taken  also  has  a 
tendency  to  pick  up  stray  electrical  noise 
and  cause  a  bad  count  that  is  not  a  function 
of  the  oscillator. 

The  characteristic  of  segmentation  is 
quite  evident.  Over  a  period  of  decreasing 
slope  the  oscillator  corrects  in  each  seg¬ 
ment  giving  the  impression  of  a  sawtooth 
wave  form.  The  time  constant  of  the  cor¬ 
rection  voltage  can  be  adjusted  to  suit  the 
user,  keeping  in  mind  that  response  time 
could  suffer  if  the  time  constant  is  too 
long.  The  curve  represents  our  attempt  to 
do  better  than  tl  ppm  from  -30°C  to  +80°C 
using  digital  techniques  exclusively. 

The  resolution  of  the  corrections  that 
can  be  produced  is  better  than  the  repro¬ 
duction  of  these  effects  by  the  oscillator. 
The  limits  now  become  the  thermogradient 
across  the  circuit  and  hysteresis  effects 
in  the  parts  used  and  the  crystals  them¬ 
selves.  It  was  evident  in  working  with 
digital  compensation  that  it  is  not  a 
new  magical  cure-all  that  had  the  power  to 
throw  part  tolerances  to  the  wind,  but  a 
magnifying  glass  that  amplified  the  fact 
that  all  factors  which  had  to  be  done  right 
before  still  had  to  be  designed  well,  and  to 
gain  the  potential  of  this  technique,  will 
have  to  be  done  better  in  the  future. 


Advantages 

1.  The  circuit  can  be  built  from  readily 
available  parts  in  CMOS  or  TTL. 

2.  The  tolerances  of  critical  parts  become 
a  "Don't  Care"  condition,  no  grading  of 
parts . 

3.  The  process  lends  itself  to  mechanized 
production . 

4.  Instant  On,  no  warm  up  time  needed. 


Future  Applications 

1.  Sharing  memory  and  other  hardware  with 
microprocessor  systems. 

2.  Remote  tuning  of  a  field  oscillator  by 
anding  another  digital  word  from  a 
remote  location. 
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PRECISION  OSCILLATORS  FLOWN  ON  THE  LES-8/9  SPACECRAFT* 

Howard  S.  Babbitt,  III,  Group  63 

Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 
Lexington,  Massachusetts 

ABSTRACT 

Design,  construction,  and  testing  of  spaceborne  LES-8/9  are  a  pair  of  military  communication 


oscillators  has  been  of  interest  for  some  time.  Al¬ 
though  the  electrical  designs  have  evolved  over  a 
number  of  years,  mechanical  construction  necessary  to 
survive  flight  G  forces  and  pyrotechnical  shock  in 
addition  to  actual  in-flight  aging  data  are  not  as 
readily  available.  This  paper  describes  the  character¬ 
istics  of  four  quartz  crystal  oscillators  incorporating 
Bliley  high  stability  crystals  flown  on  the  LES-8/9 
spacecraft. 

LES-8/9  are  a  pair  of  military  communication 
satellites  operating  at  synchronous  altitude  with 
multiplied  frequencies  as  high  as  K^-band.  Each  incor¬ 
porates  redundant  master  oscillators  for  time  and 
frequency  control.  These  four  master  oscillators, 
built  especially  for  the  LES-8/9  program  have  been 
measured  since  launch  (March  1976)  for  absolute  fre¬ 
quency  drift  as  well  as  spectrum  quality.  To  examine 
long-term  drift,  a  measurement  scheme  has  been  employed 
which  to  a  first  order  cancels  doppler  and  allows 
resolution  of  oscillator  frequency  to  within  -v3/ 10  in 
one  second.  The  drift  data  shows  that  within  one  week 
after  launch,  the  average  daily  driftjgor  all  the 
master. oscillators  was  between  +.7/10  /day  and 
2. 7/10lO/day.  One  year  after  launch  this  had  reduced 
considerably  to  between  .03/10  /day  and  .2/10  / day. 

The  data  presented  is  believed  to  include  aging  only 
since  effects  caused  by  radiation  have  been  minimized 
by  shieldin';. 

INTRODUCTION 

Precision  ground-based  oscillators  have  been 
studied  for  some  time  with  respect  to  circuit  design, 
packaging,  and  time  and  frequency  related  measurements. 
With  the  proliferation  of  synchronized  time  systems  and 
high  frequency  communications  links,  considerable  data 
has  been  gathered  on  very  stable  frequency  sources 
including  precision  quartz  oscillators. 

Recently  there  has  been  increased  interest  in 
installing  stable  frequency  sources  in  satellite-based 
systems.  (Ref.  1  and  2)  As  the  satellite  functions 
become  more  complex  and  the  requirements  call  for  a 
more  stable  frequency  source,  this  oscillator  must 
operate  under  tighter  tolerances  then  its  predecessors. 
Since  the  number  of  satellites  launched  with  "preci¬ 
sion"  oscillators  on  board  is  relatively  small,  in 
orbit  data  of  actual  oscillator  systems  (Ref.  3-5)  is 
useful  for  aiding  one  in  assessing  what  present  day 
capabilities  are  and  what  they  could  be  expanded  to  in 
the  future.  This  paper  addresses  four  stable  quartz 
crystal  oscillators  flown  on  the  LES-8/9  spacecraft 
illustrating  how  they  were  built  to  withstand  the 
launch  trauma  and  the  way  in  which  they  are  being 
measured  in  flight. 

•This  work  sponsored  by  the  United  States  Air  Force. 

"The  views  and  conclusions  contained  in  this  document 
are  those  of  the  contractor  and  should  not  be  inter¬ 
preted  as  necessarily  representing  the  official  poli¬ 
cies,  either  expressed  or  implied,  of  the  United  States 
Government." 


satellites  which  were  launched  on  IS  March  1977  by  a 
Titan  3C  launch  vehicle.  The  satellites  are  presentl. 
in  a  synchronous  orbit  spaced  nearly  90°  apart  and  are 
used  to  communicate  with  up  and  down  links  at  UHF  and 
Ka-band  with  a  Ka-band  crosslink  (See  Fig.  1).  They 
have  a  five  year  design  life  and  are  powered  by  a  pair 
of  Radioisotope  Thermoelectric  Generators  (RTG's),  a 
source  of  radiation  for  all  components.  Figure  2  shows 
a  general  arrangement  of  LES-9  illustrating  the  place¬ 
ment  of  boxes  on  the  main  decagon  as  well  as  the  rela¬ 
tive  location  of  the  RTG's.  With  regard  to  the  genera¬ 
tion  of  frequencies  from  the  5.0  MHz  source  through 
multipliers,  K  -band  presented  the  larger  challenge  as 
that  representld  nearly  a  X8000  multiplication  of  the 
5.0  MHz  standard.  Calculating  the  miniminum  theoretical 
increase  in  phase  noise  leads  to  a  78  dB  degradation  in 
the  signal -to-noise  ratio  for  the  oscillator. 

OSCILLATOR  DESIGN/FABRICATION 

Based  on  requirements  for  frequency  multiplication, 
frequency  settability,  and  a  five  year  useful  lifetime, 
some  minimum  specifications  can  be  generated  for  these 
oscillators.  Several  of  these  can  be  summarized  in 
Table  I.  Based  upon  present  day  technology,  these 
specifications  are  achievable  with  careful  oscillator 
design,  crystal  selection,  and  oven  design  at  least 
insofar  as  earth-based  circuits  are  concerned. 

The  circuit  selected  for  the  oscillator  design  was 
of  the  Pierce  type  (Ref.  6-8)  and  incorporated  a  Bliley 
BG61AH-5S  high  stability  crystal  as  the  frequency 
control  element.  Figure  3  shows  the  entire  oscillator 
circuit  which  was  housed  in  the  oven  enclosure.  The 
circuit  is  a  rather  straight  forward  implementation  of 
a  standard  Pierce  design  with  AGC  control.  It  includes 
two  boards,  one  with  the  RF  amplifiers  and  gain  control 
element  on  it  and  the  other  with  the  AGC  control  cir¬ 
cuitry.  The  AGC  control  loop  bandwidth  is  approximately 
1/2  Hz  with  an  amplitude  control  of  better  than  .02% 
for  a  fixed  control  voltage  on  the  varactor  diode. 

Over  the  entire  frequency  control  range  the  amplitude 
varies  less  than  4%  and  since  this  represents  the 
maximum  change  over  five  years  of  frequency  trimming, 
this  results  in  an  insignificant  contribution.  The  hot 
carrier  diodes,  CR4  and  CR5,  limit  the  turn-on  dissi¬ 
pation  to  less  than  120  uwatts,  with  the  average  crystal 
dissipation  near  .6  ywatts  during  normal  operation. 

In  order  to  take  full  advantage  of  the  oscillator 
circuitry  and  crystal  characteristics,  an  oven  was 
required  which  would  maintain  the  crystal  turning  point 
temperature  with  a  high  degree  of  stability — both  long 
and  short  term.  Some  of  the  specifications  for  the 
oven  are  shown  in  Table  II.  Cox  and  Co.,  Inc.  was 
contracted  to  design  and  build  such  an  oven  and  enclo¬ 
sure.  The  specifications  were  met  using  a  single  oven 
controller  with  rigid  closed-cell  freon-filled  urethane 
foam  for  insulation.  This  foam  also  served  as  a  mech¬ 
anical  support  for  all  the  inner  electronics.  The 
inner  electronics  included  the  oscillator  circuit 
boards  and  crystal  oven  control  board  with  a  regulator 
for  all  electronics  except  the  heater  voltage.  The 


circuits  were  all  built  on  flat  donut-shaped  boards 
with  the  crystal  no unted  in  the  middle.  The  crystal 
was  installed  in  a  cylindrical  aluminum  housing  and 
that  was  mechanically  attached  to  an  aluminum  turning 
which  was  the  part  that  was  actually  temperature  con¬ 
trolled.  Figure  4  illustrates  the  packaging  of  the 
inner  temperature  controlled  housing.  When  the  entire 
oscillator  systems  were  put  together  with  the  ovens, 
including  RFI  filtering  in  the  D.C.  lines,  buffering, 
crystal  filters,  etc.  the  oscillators  performed  about 
as  expected.  Short  term  stability  was  well  within 
specification  as  was  temperature  variation  and  frequency 
adjustment.  Table  III  summarizes  the  measurements  so 
far.  The  unknown  fact  concerning  these  oscillators  is 
whether  or  not  they  will  have  sufficiently  low  long¬ 
term  drift.  We  have  tacitly  assumed  that  over  S  years 
the  average  drift  will  be  less  than  1000/101O/5x36S 
days  *  .55/10  /day.  This  is  less  than  the  crystal 
manufacturer  would  specify  but  seemed  possible  based  on 
the  accurate  AGC  circuitry,  the  stiff  temperature 
control  on  the  crystal,  plus  the  experience  of  the 
GR1115C  and  other  oscillators  utilizing  thjs  crystal. 

On  the  ground  it  was  difficult  to  determine  the  actual 
drift  rate  as  the  oscillators  needed  to  be  integrated 
early  in  the  system  testing;  the  satellite  assembly  was 
continually  being  moved,  powered  down,  or  measured  with 
respect  to  power  supply  loads.  Thus,  while  it  was 
hoped  that  the  above  drift  rate  could  be  achieved  one 
could  never  be  sure  until  after  launch. 

PREPARATION  FOR  THE  LAUNCH  AND  SPACE  ENVIRONMENT 

The  previous  discussion  concerning  the  oscillator/ 
oven  combination  centered  around  a  basic  design  which 
would  satisfy  the  immediate  short  and  long  term  require¬ 
ments  for  the  five  year  mission  lifetime.  A  basic 
assumption  was  that  the  launch  trauma  as  well  as  long 
term  radiation  would  not  effect  these  characteristics. 
Physically,  if  flown  as  originally  designed,  the  oscil¬ 
lator/  oven  would  appear  rectangular,  similar  to  Fig.  5 
with  the  overall  dimensions  roughly  6"  square  by  4” 
deep.  The  inner  cylindrical  oven  up  to  this  point  has 
been  rigidly  supported  by  the  closed  cell  foam  which 
extends  to  the  outer  shell.  This  rigid  structure  has 
considerable  mechanical  transmissibility  from  the  outer 
enclosure  to  the  inner  oven  cavity  due  to  the  relative 
incompressibility  of  the  urethane  foam.  As  a  point  of 
reference.  Fig.  6  indicates  the  qualification  level 
vibration  which  this  device  must  withstand  and  not 
suffeT  any  serious  consequences.  This  includes  15. 1G 
RMS  overall  random  vibration  for  each  axis  for  J  minutes 
per  axis  and  1/2  cycle  sine  pulse  shocks  of  77SG  peak 
along  each  axis.  Notably,  the  rigid  structure  coupled 
with  the  77SG  peak  shock  pulse  could  easily  excite 
resonant  modes  in  the  crystal  and  cause  crystal  break¬ 
age  or  mount  failure. 

In  view  of  the  stiff  requirements  for  surviving 
shock  and  vibration,  the  oscillator  package  was  ana¬ 
lyzed  with  a  shaker  table  under  controlled  G-force  and 
waveform  shape.  A  hole  was  drilled  in  the  middle  of 
one  of  the  covers  and  an  accelerometer  was  placed  on 
the  inner  oven  enclosure.  The  accelerometer  was  then 
fed  back  to  the  measurement  system  to  determine  the  G- 
forces  seen  by  this  part  of  the  assembly.  The  initial 
characterization  is  shown  in  Fig.  7.  This  response  to 
a  l/2g  sine-sweep  clearly  shows  unity  transmissibility 
up  to  200-300  Hz  with  a  sharp  peak  of  1  Sg  at  'tsoo  Hz. 
This  oscillator/oven  assembly  with  rigid  foam  all  the 
way  to  the  outer  enclosure  clearly  offers  no  protection 
for  the  crystal  or  other  components  in  the  inner  enclo¬ 
sure.  Since  the  mechanical  resonance  frequency  for  the 
crystal  blank  in  its  holder  is  less  than  500  Hz,  the 
shock  will  transmit  directly  to  the  crystal  and  excite 
this  resonance  with  generally  disastrous  results.  One 
such  prototype  oscillator  configuration  was  tested  and 
whereas  it  withstood  the  random  vibration,  the  crystal 


failed  on  just  the  second  of  18  possible  shocks. 

One  method  to  reduce  this  effect  which  is  popular 
with  those  who  must  minimize  stresses  of  this  nature  on 
mechanical  parts  is  shock  mounts  or  isolators.  These 
are  small  cylindrical  or  rectangular  devices  which  have 
threaded  studs  at  each  end  with  rubber  connecting  them 
together.  As  one  of  the  experiments  in  determining 
what  effect  this  would  have,  isolators  with  about  80 
Durometer  hardness  each  were  mounted  on  the  shaker 
table  fixture  and  the  box  then  mounted  on  them.  A  sine 
survey  was  done  as  before  and  the  result  is  shown  in 
Fig.  8.  This  shows  unity  transmissibility  only  up  to 
25  Hz  with  a  small  peak  at  30  Hz  and  every  other  fre¬ 
quency  attentuated.  Mechanically  this  is  a  very  rea¬ 
sonable  solution  to  the  problem;  thermally  it  is  not 
acceptable.  Since  the  spacecraft  body  and  the  rails  to 
which  boxes  must  be  attached  are  temperature  controlled, 
the  thermally  defined  surface  would  be  only  indirectly 
coupled  through  the  rubber  isolators.  This  thermal 
resistance  is  high  and  therefore  the  oscillator  enclo¬ 
sure  could  soar  in  temperature  and  easily  exceed  the 
maximum  practical  operating  temperature  of  50cC. 

If,  therefore,  due  to  thermal  considerations,  the 
enclosure  must  be  attached  directly  to  the  spacecraft 
rails,  then  the  next  level  of  mechanical  isolation  must 
be  inside.  Since  the  crystal  itself  is  mounted  rather 
securely  in  its  own  aluminum  housing  and  this  is 
directly  connected  to  the  inner  oven  aluminum  piece,  it 
was  rather  difficult  to  isolate  just  the  crystal  from 
shocks.  The  solution  which  was  ultimately  used  for 
flight  was  to  cut  approximately  1/4"  of  the  rigid  foam 
away  from  the  outer  enclosure  and  install  soft  foam 
strips  in  the  space.  Figure  9  illustrates  this  clearly 
and  shows  a  picture  of  a  flight  package  with  one  cover 
removed.  The  soft  foam  is  ECCOFOAM  FS,  an  isocyanate 
open-cell  foam  sheet  stock  which  was  cut  in  strips  wide 
enough  and  thick  enough  to  maintain  the  proper  thermal 
resistance  for  correct  temperature  control .  A  sine 
survey  was  run  on  this  assembly  and  the  result  is  shown 
in  Fig.  10.  This  frequency  response  was  done  with  a  1G 
input  level  as  opposed  to  Figs.  7  and  8  which  were  with 
1/2G  inputs.  The  results  show  unity  transmissibility 
up  to  approximately  70  Hz  with  a  soft  peak  at  110  Hz. 
Other  frequencies  were  attenuated,  except  for  a 
lonesome  narrow  peak  at  'vSOO  Hz.  Since  there  is  con¬ 
siderable  attenuation  between  200  Hz  and  700  Hz,  the 
area  of  crystal  mechanical  resonance,  the  soft  foam 
strips  seems  to  have  solved  the  problem.  At  this 
point,  a  measurement  of  the  total  response  to  shock 
pulses  was  in  order.  A  1/2  cycle  sine  pulse  of  77SG's 
and  .2  MS  duration  was  applied  to  the  structure.  An 
accelerometer  again  recorded  vibration  levels  and  the 
frequency  components  measured.  Figure  11  shows  the 
result  with  the  input  spectrum  superimposed  on  the 
data.  It  clearly  indicates  at  least  a  factor  of  fif¬ 
teen  attenuation  to  most  of  the  energy,  essentially 
guaranteeing  that  the  circuits  would  survive.  Subse¬ 
quent  tests  with  qualification  level  vibration  and 
shock  on  a  flight-like  oscillator/oven  showed  no 
problems  whatsoever,  with  pre-  and  py^t-vibration  fre¬ 
quency  differences  of  less  than  1/10 

Magnetic  Effects 

It  is  well  known  that  magnetism  has  an  effect  on 
absolute  frequency.  In  LES-8/9  a  large  number  of 
magnets  were  in  close  proximity  to  these  oscillators. 
Although  an  exact  calibration  of  the  sensitivity  of  the 
circuit  to  magnetic  fields  was  not  done,  a  test  magnet 
which  produced  2  to  3  gauss  at  the  oscillator  was  used 
to  determine  if  there  was  sensitivity  at  all.  In  the 
case  of  these  oscillators,  there  was  a  disturbancegof 
the  absolute  frequency  on  the  order  of  parts  in  10s.  A 
sufficient  amount  of  shielding  was  added  until  t^s 
effect  was  considerably  smaller  than  parts  in  10  . 
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This  shielding  turned  out  to  be  .025  inches  of  Conetic 
AA  u-metal.  It  was  installed  just  on  the  inside  of  the 
outer  enclosure  and  is  visible  in  Fig.  9.  With  this 
additional  metal  on  the  box,  the  actual  flight  weight 
was  nearly  4  pounds. 

Shielding 

With  the  crystal  in  its  own  aluminum  can  attached 
to  the  inner  oven,  there  is  a  considerable  amount  of 
aluminum  surrounding  the  crystal.  If  to  this  you  add 
the  thickness  of  the  cover  and  the  p-metal,  the  minimum 
amount  of  metal  which  can  be  considered  as  crystal 
shielding  is  greater  than  .46"  of  AL  and  .025"  of 
U -metal .  Synchronous  attitude  spacecraft  do  not  run  in 
the  Van  Allen  Belt  so  that  radiation  is  not  a  hazard, 
but  the  on  board  RTG's  do  provide  radiation  which  could 
be  harmful.  Based  on  these  thicknesses  of  materials, 
calculations  have  shown  that  the  electron  energy  re¬ 
ceived  at  the  crystal  is  confined  to  less  than  S^MEV 
electrons  wiljh  a  total  5  year  dose  of  £  1.6  x  10u 
electrons/cm1'  or  less  than  2  x  10  RAD  in  5  years. 
There  is  no  significant  proton,  neutron,  or  gamma 
radiation.  It  is  for  these  reasons  that  it  is  felt  the 
radiation  effects  are  sufficiently  minimal  as  to  be 
non-existent  in  causing  frequency  changes  in  the  oscil¬ 
lator  even  over  a  5  year  lifetime. 

MEASUREMENT  IN-FLIGHT 


After  the  successful  launch  of  LES-8/9  in  March, 
1976,  all  the  measurements,  components,  care  in  assem¬ 
bly,  etc.  were  put  to  the  test  of  actually  performing 
to  specification  for  the  required  5  years.  Short  term 
stability  and  spectrum  content  of  the  K  -band  oscilla¬ 
tor  were  measured  by  inference  through  §ER  (bit-error 
rate)  tests  and  direct  downlink  spectrum  analysis.  The 
long  term  drift  presented  more  of  a  problem  for  two 
reasons.  First,  to  maintain  all  the  full  back-uo  modes 
the  oscillator  outputs  could  not  be  swapped  for  fear  of 
glitching  a  clock  line  and  disturbing  some  activj 
storage.  This  meant  that  the  oscillator  which  provided 
the  downlink  frequencies  was  the  only  one  which  could 
be  directly  received  at  an  earth  terminal.  Figure  12 
illustrates  the  general  interconnections.  Second,  the 
oscillator  which  is  seen  at  the  earth  is  cgrrupted  by 
doppler.  This  doppler  is  as  much  as  .5/10°  for  the 
LES-8/9  orbit  and  whgn  compared  to  resolutions  desired 
of  better  than  l/10lu  of  the  oscillator  frequency  any 
small  doppler  uncertainties  would  completely  mask  out 
the  quantity  we  are  desiring  to  measure.  Typically,  an 
orbit  determination  is  made  by  observation  and/or 
ranging  and  a  computer  calculates  doppler  as  a  function 
of  time  and  day.  This  has  all  sorts  of  uncertainty 
built  into  it  and  in  fact  even  in  the  most  sophisticated 
doppler  computing  schemes  .1%  uncertainty  is  not  uncom¬ 
mon.  Thus,  some  sort  of  doppler  cancelling  scheme  is 
needed  which  is  not  based  on  computer  predictions  but 
is  a  closed  loop  measurement  system  in  real  time.  The 
doppler  cancelling  method  used  on  LES-8/9  to  measure 
absolute  satellite  frequency  will  be  described  first 
with  the  problem  of  measuring  the  "unseen"  oscillator 
after  that. 

Theory  of  Measurement  of  Absolute  Oscillator  Error 

The  basic  premise  which  initiated  this  measurement 
scheme  is  as  follows:  If  the  satellite  is  transmitting 
a  downlink  frequency,  the  ground  station  knows  what 
that  frequency  should  be.  With  the  naive  assumption 
that  the  on-board  oscillator  is  perfect,  the  frequency 
etror  is  only  due  to  doppler.  Therefore,  if  an  uplink 
is  sent  to  the  satellite  and  frequency  is  precorTected 
for  this  doppler,  the  signal  should  enteT  the  satellite's 
receiver  at  the  exact  center  frequency  assuming  the 
receiver  is  driven  by  the  same  oscillator  as  the  trans¬ 
mitter.  The  question  arises,  how  do  oscillator  errors 


affect  this  measurement?  Certainly  they  change  the 
situation  somewhat,  but  one  would  think  if  the  errors 
are  small  enough,  the  same  basic  arguments  hold.  That 
is  in  fact  the  case,  and  as  will  be  shown,  the  satellite 
receiver  now  would  receive  a  frequency  which  is  in 
error  by  approximately  twice  the  oscillator  error. 

Thus,  a  measurement  of  the  center  frequency  error  could 
be  a  measure  of  oscillator  error.  LES-8/9  has  the 
ability  to  encode  baseband  I  S  Q  samples  and  send  these 
down  directly  on  the  downlink  so  the  receiver  channel 
frequency  error  can  be  examined  to  verify  this.  With 
this  introduction,  we  will  analyze  the  simple  scheme  of 
Fig.  13. 

The  symbols  as  described  on  the  figure  include 

c  *  Relative  oscillator  error 

d  *  Relative  doppler  error 

f  x  *  R  for  "Received" 

xy 

T  for  "Transmitted" 
y  =  S  for  "In  the  Satellite" 

E  for  "On  the  Earth" 
fR£F  «  Satellite  Reference  Frequency 

With  the  assumption  that  all  RF  Frequency  outputs 
are  derived  by  multiplication  from  the  same  basic 


oscillator,  we  have 

fTS  N  fREF  and 

a) 

fRS  =  M  fREF 

(2) 

We  will  first  proceed  assuming  that  e  =  o. 
case 

For  that 

fRE  *  N  ^REF  (3) 

where  fj^p  =  5.0xl06  exactly. 

Since  e  »  o  and  we  were  expecting  N  fREp,  then  the 
percentage  doppler  error  must  be 


fRE  "  N  fREF 

-0^ 


(4) 


Transmitting  on  the  uplink  and  making  our  doppler 
correction,  we  have 


f-re  -  0-d>M  or 

f„ 


fTE  ■  <2  -  or 


REF 


-)  M  f^. 


(5) 

(6) 


Now,  if  we  compute  what  the  satellite  receive 
frequency  is,  we  find 


fRS  ’  (1+d)  fTE’  or  5ubstltutin*  (s)  (7) 

fRS  "  ^  M  fREF  (8) 

or  doppler  has  been  cancelled  to  a  first  order  with 
only  second  order  tens  in  the  equation.  If  Eq.  (6)  is 
used  as  the  algorithm  for  computing  .fTE  even  if  e  t  o, 
the  following  results.  In  all  cases 

fRS  ■  {TB  <l4d)-  (9) 
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Substituting  from  (6) 

fRS  *  M  £R£F  (2  *  rfe-H1+d)-  ®Ut  C10) 

fRE  '  N  fREF  Cl+O  Cl*d)  -  (11) 

fRS  *  M  fREF  t2  '  (l*e)(I*d)J(l*d),  (12) 

or  simplifying 

fRS  "  M  fREF  [^e-Zed-d2  (l*e)]  (13) 

Now,  on  the  satellite,  the  center  frequency  of  the 
receiver  is 

fRS  ■  M  £REF  <*<> 

Forming  the  difference  between  the  actual  received 
frequency  and  the  true  center  frequency  of  this  receiver, 

fRS  '  ‘  *M  fREF  [2e*2ed*d2(l+e)].  (IS) 

Since  d  _<  .S/106, 

d2  <  .25/1012.  (16) 


By  similar  arguments,  we  can  also  say 

2e(l+d)  -v-  2c.  (17) 

Thus,  (IS)  simplifies  to  the  desired  result. 

fRS*  ^RS”  -M£SeF  I1*’ 


Equation  (18)  tells  us  that  if  we  listen  to  the 
satellite  downlink,  assume  all  the  error  is  doppler 
only,  adjust  our  earth  station  uplink  to  cancel  this 
doppler  to  a  first  order,  then  the  frequency  received 
by  the  satellite  will  be  in  error  by  twice  the  absolute 
frequency  error  of  that  uplink  receiver.  To  measure 
that  frequency  error,  the  satellite  has  the  capability 
to  encode  in-phase  (I)  and  quadrature  (Q)  outputs  and 
SSB  modulate  these  bits  onto  the  K^-band  downlink. 

These  bits  are  then  demodulated  atthe  earth  station 
for  processing.  In  practice,  Eq.  (6)  is  implemented 
through  the  use  of  mixing  and  phase-locked  loops  with 
dividers.  The  downlink  demodulation  is  done  with  a  PSK 
demodulator  followed  by  digital  filtering  on  the  I  and 
Q  lines.  The  final  output  has  a  resolution  of  1/4  Hz 
(since  we  have  I  and  Q  samples)  or  since  this  repre¬ 
sents  twice  the  error  of  the  satellite,  the  ultimate 
resolution  is  1/8  of  a  Hz  of  satellite  error.  If  the 
K  -band  uplink  is  on  the  order  of  40  GHz,  then  this 
represents  a  resolution  of  3/10w  for  a  one  second 
averaging  time.  The  actual  hardware  performing  the 
counting  integrates  this  error  over  approximately  13 
seconds  to  reduce  the  jitter  and  ease  the  computation 
required . 

Measurement  of  the  "Unseen"  Oscillator 


telemetry  format  and  the  register  data  set  to  the 
ground  station.  The  inference  of  the  unseen  oscillator 
is  done  by  making  two  observations  of  this  counter 
spaced  a  known  difference  in  time  apart.  This  leads  to 
a  difference  frequency  which  is  equal  to  the  count 
difference  divided  by  the  product  of  1.6x10°  and  the 
time  differential  in  seconds.  An  elapsed  time  of 
approximately  Ihrme  hours  leads  to  an  average  uncertainty 
of  less  than  S/1011.  Better  resolution  can  be  had  by 
observing  this  count  as  a  function  of  time  and  noting 
exact  transition  times. 

Results  of  Long  Term  Drift  Measurement 

Drift  measurement  of  all  four  precision  oscillators 
on  both  satellites  were  made  commencing  approximately 
three  days  after  launch  using  the  methods  described 
above.  Although  the  absolute  error  was  not  allowed  to 
exceed  ±S/1010  for  any  oscillator,  the  result  of  the 
necessary  frequency  triming  has  been  added  back  in  to 
get  overall  drift  curves.  Data  has  been  taken  for  over 
one  year  and  so  can  give  insight  into  long  term  drift 
characteristics  of  some  types  of  spacebom  oscillators. 
The  data  are  shown  in  Figs.  14-17.  The  fastest  chang¬ 
ing  oscillator — LES-8,  OSC  #1 — changed  over  120/10IU  in 
the  year,  whereas  the  smallest  overall  change  was  ._ 
observed  on  LES-9,  OSC  #1  where  it  drifted  only  50/10 
in  one  year.  If  these  are  maximum  changes  for  a  year, 
and  we  have  no  reason  to  believe  they  would  get  worse, 
then  there  will  be  plenty  of  margin  to  cover  5  years  as 
each  oscillator  has  at  least  1000/10  trixming  range. 

All  oscillators  were  set  to  be  on  frequency  at  the  time 
of  launch.  If  the  drift  curves  are  projected  back  to 
the  day  of .launch,  none  of  them  seem  to  have  suffered 
the  10/1010  incremental  change  which  would  have  been 
expected  due  to  the  1G  field  change. 

Scanning  all  four  oscillator's  drift  curves  LES-6 
OSC  #2  stands  out  as  being  unusual.  For  the  majority 
of  the  time  the  oscillator  is  extremely  stable.  On  two 
occasions,  however,  laTge  frequency  excursions  were 
experienced  in  a  relatively  short  time.  The  cause  of 
this  is  unknown,  but  could  be  due  to  some  component 
relaxing  mechanically  (i.e.,  a  piston  tuning  capacitor). 
The  other  three  oscillators  have  relatively  smooth 
aging  curves  which  appear  to  be  reducing  somewhat  in 
slope  even  after  a  year  in  orbit. 

Figures  18-21  are  the  derivative  functions  of 
Figs.  14-17.  It  is  simply  a  two-point  slope  calcula¬ 
tion  of  the  absolute  drift  data.  The  dTift  rates 
appear  to  be  exponentially  decaying  with  time  constants 
on  the  order  of  30  to  60  days.  LES-8  OSC  #1,  settled 
out  to  the  apparent  final  drift  rata  in  under  100  days. 
That  number  is  smaller  than  +.3/10  /day.  LES-8  OSC  *2 
even  prelaunch  had  a  small  drift  rate;  if  the  impulsive 
functions  are  discounted,  the  average  drift  rate  has 
been  well  under  1/10*  /day.  In  fact  from  eight  days 
after  launch  until  88  days  after  launch,  the  oscillator 
was  not  trimmed  and  accrued  a  net  increase  of  less  than 
.2/1010  for  an  overall,drift  rate  for  that  period  of 
much  better  than  1/10  /day.  That  oscillator  has  only 
been  trimmed  during  two  periods;  from  day  88  to  day 
110  and  on  day  339.  The  variation  in  the  curve  at 
other  intervals  is  the  uncertainty  in  the  "unseen”  , 
oscillator  measurement.  LES-9  OSC  #1  and  OSC  *2  have 
been  tracking  one  another  remarkably  well,  although  OSC 
#1  has  a  slightly  lower  drift  rate.  Both  curves  indi¬ 
cate  that  the  drift  rates  aTe  stilt  decreasing  in  with 
OSC  #2  presently  between  .5/10  and  1/10  /day  and  OSC 
#1  better  than  3/10  /day. 


The  master  oscillator  which  is  not  directly  visible 
and  hence  not  measurable  by  the  above  method  necessarily 
must  be  measured  indirectly.  In  the  satellite  the  two 
master  oscillators  are  compared  at  1.6  Wt  with  an  up- 
down  counter.  This  up-down  counter  is  strobed  once  a 
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Conclusions 


The  results  presented  in  this  paper  cover  two 
basic  areas:  packaging  and  measurement  of  precision 
satellite-based  oscillators.  The  oscillator  packaging 
described  here  is  somewhat  different  from  the  more 
usual  oven  design  in  at  least  two  ways.  First,  it  is 
not  a  "thermos  bottle"  or  Dewar  flask  container,  but 
simply  an  inner  aluminum  oven  surrounded  by  closed  cell 
foam  with  soft  foam  for  vibration  isolation.  Second, 
it  is  a  one  stage  oven  which  maintains  ±.001*0  internal 
temperature  stability  while  the  external  environment 
changes  60C°.  This  is  contrasted  with  the  more  popular 
double  oven  approach  used  on  some  recent  satellite 
oscillators. 

The  measurement  of  these  oscillators  with  regard 
to  frequency  drift  is  a  peculiar  problem  requiring 
careful  attention  to  error  introduced,  particularly 
doppler.  The  closed-loop  doppler  cancelling  scheme 
used  to  measure  the  LES-8/9  master  oscillators  has 
allowed  absolute  frequency  measurements  to  be  made  of 
these  osciljqtors  with  uncertainties  on  the  order  of 
parts  in  10*  even  though  they  are  more  than  20,000 
miles  away.  The  results  show  that  for  the  5.0  MHz 
oscillators  flow^on  LES-8/9  the  total  yearly  drift  was 
less  than  1 20/ 1 0 1  for  any  oscillatorj^ith  drift  rates 
at  the  end  of  one  year  as  low  as  3/10  /day. 
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GENERAL  SCHEMATIC  OF  BASIC  OSCILLATOR 
FIGURE  3 


ACCELERATION  SPECTRAL  DENSITY  ((G2/Hj) 


INNER  ALUMINUM  OVEN  DETAILS 

FIGURE  4 
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OSCILLATOR  AND  OVEN  WITH  NO  VIBRATION  PROTECTION 
WITH  ELECTRONICS  COVER  REMOVED 

FIGURE  5 


SINE  SURVEY  OF  ORIGINAL  OSCILLATOR /OVEN 
WITH  SHOCK  MOiMTS  INSTALLED  BETWEEN  BOX  AND  VIBRATION  TABLE 

FIGURE  8 


SATELLITE  RANDOM  VIBRATION  QUALIFICATION  TEST 


FIGURE  6 


SINE  SURVEY  OF  ORIGINAL  OSCILLATOR /OVEN 
MOUNTED  DIRECTLY  TO  VIBRATION  TABLE 

FIGURE  7  FIGURE  9 


417 


SINE  SURVEY  OF  MOOiriEO  OSCILLATOR  /OVEN 
WITH  SOFT  FOAM  STRIPS  SUPPORTING  RKMO  FOAM  NNER  STRUCTURE 

FIGURE  10 


TO  OTHER  L.O.S 


SIMPLIFIED  SCHEMATIC  OF  THE  MASTER  OSCILLATORS 
AND  THEIR  INTERCONNECTION  TO  RF  AND  LOGIC  CIRCUITS 

FIGURE  12 
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FREQUENCY  RESPONSE  DUE  TO  SHOCK  PULSE  OF 
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FIGURE  21 


SUMMARY  OF  SELECTED  MASTER  OSCILLATOR 
REQUIREMENTS  FOR  LES-8/9 


Frequency  *  5.0  MHz 

-/!  «  1.2/108/100Msec 

f  !RMS 

-  3/10^/100 /usee  design  goal 
Drift  Rate <  l/1010/day 

Absolute  Frequency  Adjustment  <  1/10^/step 

Total  Adjustment  Range-.  Sufficient  to  maintain  absolute 
frequency  accuracy  for  5  years 

TABLE  i 

PRELAUNCH  OSCILLATOR  CHARACTERISTICS 


OSCILLATOR  OVEN 

Control  Temperature: 

Temperature  Stability: 

Ambient  Variation: 

Temperature  Accuracy: 

(5  year  life) 


SPECIFICATIONS 

71°C  to  79°C 
±0.001C°  from  set  point 
-20  C°  to  +40°C 
±0.050C° 


<  blip9fl00Msec 

1  RMS 

Remote  Frequency  Adjustment: 
Frequency  Adjustment  Steps: 

Total  Commandable  Frequency  Range: 
System  Temperature  Sensitivity: 

TABLE 


10  V,  12  bit  D/A  applied  to 
the  varactor  diode 

Between  7/1012  and  2/1010 
dependi  ng  upon  center 
frequency 

>  1000/1010 

<  l/lO^/C0  of  ambient  change 


III 


I 

( 

«; 


TABLE  II 
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A  FAST  WARMUP  OSCILLATOR  FOR  THE  GPS  RECEIVER 


John  Ho  and  Martin  Bloch 
Frequency  Electronics,  Inc. 
New  Hyde  Park,  New  York 


A  5.115  MHz  oscillator  is  described 
which  was  designed  for  use  in  the  GPS  re¬ 
ceiver  system.  The  oscillator  features 
fast  warmup,  high  stability,  low  power, 
dual  RF  outputs,  and 3  4 5 6  2xl0-7  modulation 
range.  The  device  uses  a  third  overtone 
FC  or  SC  cut  crystal  with  low  temperature 
coefficient.  A  booster  oven  in  addition 
to  the  conventional  dual  oven  is  used  for 
fast  repeatable  warmup  characteristics. 

Introduction 

This  paper  deals  specifically  with  the 
mechanical  and  thermal  design  aspects  of 
the  oscillator  and  test  data  is  presented 
which  describes  the  warmup  characteristics , 
aging  data  and  short  term  stability.  A 
complete  analysis  of  thermal  paths  due  to 
conduction,  radiation,  and  convection  as 
well  as  thermistor  placement  and  oven  loop 
parameters  is  required  to  yield  the  de¬ 
sired  performance.  Although  the  power 
consumption  of  the  oscillator  was  not  a 
fundamental  design  constraint,  reduction 
of  this  parameter  was  considered  in  order 
to  minimize  power  supply  capacity  and  size. 


for  rapid  warmup.  The  thermal  design  of  the 
oscillator  which  is  within  the  inner  oven 
in  conjunction  with  the  booster  oven  input 
is  selected  to  give  a  critically  damped  re¬ 
sponse  in  the  frequency  vs.  time  domain. 

This  interface  must  be  carefully  controlled 
to  avoid  frequency  overshoot  which  would  re¬ 
sult  in  a  prohibitive  sinusoidal  frequency 
excursion. 

The  oscillator  circuit  is  a  modified 
Pierce  crystal  controlled  oscillator.  A 
third  overtone  FC  or  SC  crystal  is  used. 

The  oscillator  and  crystal  are  enclosed  with¬ 
in  the  ovens  which  in  turn  are  mounted  within 
the  Dewar  flask.  The  proportional  oven  con¬ 
trollers  maintain  a  temperature  variation  of 
the  inner  oven  of  less  than  1.0  millidegrees 
after  stabilization.  The  oven  controllers 
combine  a  thermistor  sensing  bridge  and  op¬ 
erational  amplifier  to  generate  the  required 
heater  currents. 

The  voltage  regulator  and  oven  control 
circuitry  are  external  to  the  dual  assembly 
and  provide  regulation  and  filtering  of  the 
D.C.  input  to  minimize  induced  noise. 


Electrical  Design 


Mechanical  Characteristics 


The  basic  oscillator  design  focuses 
upon  minimizing  the  warmup  characteristics 
of  the  oscillator  to  enable  the  GPS  re¬ 
ceiver  to  acquire  lock  within  5  minutes. 
Additionally  the  stability  of  the  oscilla¬ 
tor  must  be  low  enough  to  insure  a  reason¬ 
ably  short  processing  time  of  position  in¬ 
formation.  The  requirements  are  as  follows: 

1.  Input  power.  10  watts  for  3  minutes, 
1  watt  after  15  minutes. 

2.  Warmup  time.  2xl0"8  5  minutes  after 
turn  on,  1x10-9  1  hour  after  turn  on. 

3.  Aging.  2xl0“9  per  day,  30  minutes 
after  turn  on  and  2xlO-H  per  day 
average. 

4.  Output  power.  +  3  dbm  per  output. 

5.  Size.  3.20x1.60x1.60  inches. 


Figure  2  is  a  cross  section  view  of  the 
oscillator.  The  basic  mechanical  package 
consists  of  a  ruggedized  Dewar  flask,  shock 
mounted  inside  a  metal  can.  The  configura¬ 
tion  is  specifically  designed  to  pass  severe 
shock  and  vibration  testing.  The  flask  has 
a  reinforced  tip  at  its  open  end  to  prevent 
cracking  during  shock  and  random  vibration. 
In  addition,  an  asbestos  lining  between  the 
walls  of  the  flask  is  held  in  place  by 
dimples  in  the  outer  wall  which  are  located 
at  the  center  of  gravity  of  the  package. 

The  flask  is  held  in  place  with  rubber  shock 
mounts  which  are  placed  equidistant  from  its 
center  of  gravity  to  equalize  bending 
moments. 

In  order  to  minimize  size  and  weight,  hy¬ 
brid  circuitry  is  used  for  the  oscillator 
and  buffer  amplifier.  The  oven  controls 
and  voltage  regulator  are  monolithic  inte¬ 
grated  circuits. 


6.  Weight.  8  oz. 

Figure  1  is  a  block  diagram  of  the  os¬ 
cillator.  An  internally  generated  refer¬ 
ence  voltage  is  fed  to  user  equipment.  The 
modulation  input  enables  the  frequency  to 
be  varied  over  a  range  of  4  2x  10-7,  Fail¬ 
ure  of  the  inner  or  outer  oven  is  indicated 
by  utilization  of  a  temperature  monitor 
window  consisting  of  thermistors  and  an 
amplitude  comparison  circuit.  Variations 
of  greater  than  1°C  are  considered  a  fail¬ 
ure.  The  oven  booster  uses  the  raw  D.C. 
input  to  provide  a  quick  surge  of  power 


Figure  3  is  the  outline  of  the  crystal 
oscillator.  The  RF  interface  is  a  SMA 
connector  and  all  logic,  D.C.,  and  modula¬ 
tion  voltage  are  fed  to  the  unit  through 
FRI  filters. 

Oscillator  Performance 

This  section  describes  the  test  results 
obtained  on  several  of  the  GPS  oscillators 
and  discusses  the  crystal  testing  that  is 
undertaken  in  order  to  insure  proper  os¬ 
cillator  performance. 
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Figure  4  is  the  short  term  stability 
measured  over  a  sampling  time  of  100  micro¬ 
seconds  to  10  seconds.  It  is  seen  that  the 
stability  above  1  second  approaches  2x10*12 
and  continues  at  this  value  until  aging  ef¬ 
fects  become  dominant  at  several  hundred 
seconds . 

Figure  5  shows  the  phase  noise  measured 
from  10  Hertz  to  20  KHz  from  the  carrier. 

Two  plots  are  shown  which  compare  oscilla¬ 
tors  with  and  without  an  output  filter. 

The  inherent  noise  floor  is  -144  dbc  which 
is  reduced  to  -169  dbc  at  frequencies 
greater  than  8  KHz  from  the  carrier  by  the 
filter.  The  filter  has  a  3  db  bandwidth 
of  100  Hz. 

Figure  6  shows  the  warmup  characteristic 
at  +  25®C  for  the  GPS  oscillator.  It  is 
seen  that  at  5  minutes  after  turn  on  the 
nominal  frequency  is  reached  and  at  6.8 
minutes  a  maximum  excursion  of  5x10*9  is 
reached.  This  performance  is  well  within 
the  GPS  requirements  for  the  receiver  clock. 
Due  to  the  high  inrush  current  an  overshoot 
condition  is  obtained  with  a  maximum  nega¬ 
tive  excursion  of  2x10*7. 

Figure  7  is  the  aging  data  for  the  same 
oscillator.  Data  is  presented  for  a  20  week 
period  and  it  is  seen  that  the  aging  slope 
levels  off  to  a  value  of  2x10*11. 


Crystal  Characterization 


In  order  to  insure  that  the  oscillator 
meets  the  stringent  warmup  and  aging  re¬ 
quirements  each  resonator  is  tested  in  a 
fixture  which  is  contained  within  a  tempera¬ 
ture  stabilized  chamber.  Figure  8  is  a 
block  diagram  of  the  crystal  measurement 
system.  The  oven  temperature  is  automatical¬ 
ly  slewed  and  approximately  2,000  data 
points  are  taken  at  0.05°c  increments.  A 
network  analyzer  automatically  records  fre¬ 
quency  and  resistance  on  a  punched  tape. 

This  tape  is  fed  to  a  calculator  and  a  XY 
recorder  where  a  plot  is  obtained.  Figure  9 
is  a  typical  graph  showing  a  smooth  tempera¬ 
ture  vs.  frequency  characteristic  with  mini¬ 
mal  retrace.  In  addition  the  resistance 
holds  constant  over  the  temperature  range 
of  0  to  +70°C.  This  is  an  ideal  crystal  for 
use  in  the  described  oscillator.  Figure  10 
shows  a  faulty  crystal  where  the  resistance 
is  changing  rapidly  at  the  turning  point. 

This  type  of  behavior  would  result  in  oscil¬ 
lator  performance  that  is  unacceptable. 


Figure  11  shows  an  oscillator  character¬ 
istic  where  anomalous  behavior  occurs  at 
+  5°C.  This  is  acceptable  since  the  inner 
oven  temperature  for  this  device  is  set  at 
51®C,  the  crystal  turning  point.  Figure  12 
illustrates  unacceptable  oscillator  per¬ 
formance  where  anomalies  are  noted  at  +32°C 
and  in  the  area  of  the  turning  point  at 
+52°C  through  +60'C. 


It  should  be  emphasized  that  frequency 
vs.  temperature  anomalies  occur  over  very 
narrow  temperature  ranges  and  it  is  impera¬ 


tive  that  a  suitable  measuring  system  be 
utilized  in  order  to  detect  these  problems. 

Conclusion 

A  5.115  MHz  oscillator  has  been  described 
which  is  optimized  for  frequency  retrace 
characteristics  and  quick  warmup  capabilities. 
In  addition  low  aging  and  power  consumption 
are  obtained.  The  role  of  fast  warmup  pre¬ 
cision  oscillator  in  modern  receiving  sys¬ 
tems  is  extremely  important  when  considering 
the  vast  numbers  of  satellite  user  equipment 
that  will  be  implemented  in  the  next  decade. 
The  use  of  oscillators  such  as  described  in 
this  paper  will  greatly  enhance  the  opera¬ 
tional  capabilities  of  these  receivers. 
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FIGURE  1.  BLOCK  DIAGRAM,  MODEL  FE-2I40A 
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SYNCHRONIZATION  METHODS  FOR  FREQUENCY-  AND 
TIME-DIVISION -MULTIPLEX  NETWORKS 

H.L.  Hartmann 

Lehrstuhl  ftir  Nachrichtensysteme 
Technische  Universitat  Braunschweig  (FRG) 


Summary 

This  contribution  examines  both  Directed 
and  Mutual  Synchronization  for  Time-Division- 
Multiplex  (TDM)  and  Frequency-Division- 
Multiplex  (FDM)  communication  networks.  A 
systematic  analysis  of  mutually  synchronized 
oscillator  networks  leads  to  additional 
conditions  with  regard  to  the  attainment  of 
a  sufficient  line-jitter  attenuation  and  of 
a  tolerable  phase  offset  in  the  network. 

As  a  guiding  figure  of  merit  with 
respect  to  long-  and  short-term  inaccuracy  of 
synchronized  networks,  the  time  error  At  = 
=<At>  +  6t  between  different  network  outputs 
is  considered.  The  long-term  inaccuracy  is 
described,  then,  in  terms  of  the  normalized 
and  generally  time-dependent  ensemble  average 
<At>/t  and  the  short-term  inaccuracy  in  terms 
of  a  time-independent  normalized  standard 
deviation  < (Bt)2)1'* /t. 

In  the  case  of  synchronized  FDM  and  TDM 
networks  it  is  possible  to  keep  the  above 
defined  long-term  inaccuracy  minimal  in 
comparison  to  that  of  a  free-running  atomic 
frequency-standard.  Caution  is,  however, 
advised  in  the  evaluation  of  short-term 
stability,  because  in  this  case,  either  the 
filtered  phase- jitter  of  the  transmission 
pathes  or  the  amplified  frequency  noise  of 
the  oscillators  tends  to  dominate  in  the 
national  or  international  network  areas, 
respectively . 

Basic  Methods  of  Network  Synchronic  'tlon 

All  methods  of  synchronization  are 
intended  to  attain  the  regeneration  of  a 
frequency  or  time-base,  generally  after  sig¬ 
nal  transmission  over  radio-  or  cable- 
systems  including  channel  noise  and  link 
interruptions.  Desirable  are  those  methods 
of  regeneration  which  facilitate  a  nearly 
complete  reestablishment  of  the  reference 
signal,  so  that  the  interfering  influences 
of  the  transmission  systems  become  negli¬ 
gible,  and  the  quality  of  the  reference 
source  remains  unchanged.  The  application 
of  multi-channel  carrier  frequency  trans¬ 
mission  systems  with  frequencies  of  from 
12  to  200  Mc/s  as  well  as  the  establishment 
of  public  or  non-public  communication  systems 
for  digital  signals  with  transmission  rates 
of  from  600  bit/s  up  to  500  Mbit/s  pose  the 
question  for  manufacturers  of  the  systems 
and  administrative  companies  as  to  how  a 
reliable,  uncomplicated,  and  exact  distri¬ 
bution  of  frequency  and  time-bases  can  be 
maintained  and  of  how  the  detailed  functions 
of  the  systems  can  be  supervised.  Figures 
1  and  2  demonstrate  the  relations  between 
the  required  frequency  accuracy  and  the 
magnitude  of  frequency-deviation  (FD)  on 
the  one  hand,  and  between  frequency  accuracy 


and  time-deviation  (TD) ,  on  the  other,  as  a 
function  of  varied  frequencies  (f)  and  of 
slip  intervals  (t) ,  respectively.  Table  1 
offers  a  survey  of  the  already-known  methods 
of  synchronization  of  communication  networks. 
The  following  basic  methods  can  be  singled 
out :  ” 

Directed  Synchronization  by  means  of 
Single  or  Changeable  Major  Timing  Sources 
and  Mutual  Synchronization  according  to  the 
so-called  Single-  or  Double-Ended  Principle. 

Conventional  Directed  Synchronization  is 
analogous  to  the  classical  Master-slave  ” 
principle,  in  which  the  timing  supply  of  a 
network  is  originated  by  one  central  timing 
source.  In  the  advanced  methods  of  directed 
synchronization  timing  sources  are  change¬ 
able,  that  is  to  say  the  reception  of  timing 
for  the  entire  network  can  be  transferred  to 
a  remote  alternate  timing  source.  This  helps 
to  secure  uninterrupted  availability  of 
timing  signals.  Generally,  the  switching  from 
one  reference  timing  source  to  another 
results  in  the  rearrangement  of  the  phase 
relations  in  the  entire  network.  In  either 
case,  the  individual  dependent  timing  sources 
must  not  interpret  a  reception  interference 
as  a  total  failure  of  the  major  timing 
source.  Instead,  they  must  accept  the  timing 
information  through  an  alternate  connection. 
The  patent  application  for  this  method  was 
filed  in  1960  by  G.P.  Darwin  and  R.C.  Prim'. 

In  the  case  of  Mutual  Synchronization,  a 
variety  of  time  sources  in  one  intermeshed 
network  are  mutually  tuned  to  a  common 
frequency.  The  intermeshing  of  the  timing 
sources  insures  a  high  degree  of  security 
against  interruptions  in  the  signal  trans¬ 
mission  paths.  In  this  way,  each  source  is 
capable  of  exerting  only  minor  influences  on 
the  resulting  common  network  frequency.  A 
total  failure  of  one  source  amounts  to  the 
isolation  of  only  one  node  in  the  network. 

The  basic  idea  that  an  estimated  mean  of 
incoming  interfered  phases  can  be  processed 
in  place  of  a  single  time  reference  was 
originated  by  J.  P.  Runyon  in  I9602. 


One  must  not  forget  that,  in  the  design 
of  a  system  which  operates  on  such  a  phase¬ 
averaging  principle,  the  phase  propagation 
times  of  the  oscillator  network  can  lead  to 
an  effect  on  the  resulting  common  network 
frequency  which  requires  attention.  It  has, 
however,  been  shown  that,  either  by  single- 
ended,  digitally-controlled  reference  phase 
prediction  (digitally  controlled  Single 
Ended-System  (SES) )  or  by  double-ended 
propagation  delay  time  measurement  with 
compensation  (Double  Ended  System  (DES) ) , 
correct  operation  of  the  system  can  be 


guaranteed  *  .  Both  of  these  procedures 

possess  the  property  of  being  able  to  tune 
geographically-separated  communication 
centers  to  a  commom  network  frequency.  The 
availability  and  the  short-  and  long-term 
stability  of  the  frequency  is,  above  all, 
dependent  upon  the  chosen  synchronization 
method  and,  in  addition  upon  the  design  of 
the  control  loops  which  are  utilized.  Instead 
of  treating  all  of  the  many  possible  special 
solutions  to  these  problems,  we  shall  dis¬ 
cuss  the  consequences  of  a  general  solution 
which  is  approximately  applicable  to  all  of 
them.  The  basic  configuration  for  the  re¬ 
generation  of  timing  is  shown  in  figure  3.  It 
corresponds  to  a  generalized  phase-locked 
loop  which  has  been  extended  to  more  than  one 
input.  W  refers  to  the  Weighting  of  the 
timing,  ACC  refers  to  an  Accumulation  with 
respect  to  time,  VCO  refers  to  the  Voltage 
Control  of  the  Oscillator  and  ISC  to  the 
digital  Control  for  the  Initial  State  which 
includes  Supervision,  SUV. 

Results  of  a  system-theory 

o t  network  synchronization 

The  commom  differential  equation  for  a 
controlled  oscillator  or  network  node  (i)  , 
controlled  as  shown  in  figure  3,  can  be 
written,  under  the  simplifying  assumption  of 
linear  and  time-invariant  system  components 
and  with  the  normalized  phase  p(t)  =  <p(t) /2n, 
as 

f|  (0  ■  L  (O+Kt.%)  *  K  S  I  P;(t  -g  -p.(t)-Ap..  (»)] .  ( 1 ) 


1,  Long-term  behavior  of  the  network 
for  K~'<  t<»: 

In  this  case,  equation  (1)  assumes  the 
simplified  form 

♦  K  IX  KPrPiH  *,j  "APij  ]  (2) 

jH  '  ' 

i<N 

Network  frequency  f,  then,  approximately 
follows  the  relation 

f  -  <0/(1*  K <Aij>) 

if  (fj0>  is  assumed  to  be  the  estimated 
ensemble  mean  of  f  i#  and  <  AT;  >  that  of  all 
delay-time  variations  ATjj  in  the  network n  . 

2.  Short-term  behavior  of  the  network 
for  Ottci^TT 

In  this  case,  an  algebraic  form  can  only 
be  obtained  by  the  Laplace-Trans format ion 
L { p ( t ))  =  P(s)  of  equation  (1)  into  the  domain 
of  complex  baseband  frequency  s  =1  ft-2Ttf ),  ♦ 

-  co,*j(i>6  •  Equation  (1 ),  then,  assumes 

the  form 

sf?(s)-^(shH(5,ih)K|aij[^(s)eSTii-f?(s)-Af’(s)l.  (3) 

The  whole  system  of  equations,  after  a  few 
computations,  can,  through  a  combination  of 
all  output-phases  Pj  (s)  and  because  of  stj/a  0 
be  written  in  a  matrix  notation 


In  this  equation,  K-a,j  =  K0.K0.aij  represents 
the  open  loop  gain  of  one  input  (j)  ref¬ 
erenced  to  the  output  (i)  in  the  steady 
state;  h(t,th)  represents  the  impulse 
response  of  the  accumulator  with  the  time 
constant  Th ;  and  ay  is  the  weighting  factor 
of  the  input  j  at  network  node  i.  K0  and  K0 
are  measures  for  the  dynamic  or  steady  state 
slope  of  the  control  characteristic  of  the 
phase  discriminator  or  of  the  oscillator, 
respectively.  The  dimension  of  K  is 
(rad/s) /rad=Hz.  Apf  (t)  represents  a  meas¬ 
ured  or  predictive  reference  phase23 ,  and 
(t)  represents  the  freerunning  frequency 
of  *:he  oscillator  (i)  . 


The  system  of  equations  (1)  generally 
comprises  i=1  to  N  equations  for  the  com¬ 
putation  of  the  unknown  f t  (t)  and  p j  (t) .  It 
has  been  demonstrated  in  several  publica¬ 
tions  under  rather  general  assumptions  with 
respect  to  weighting  factors  and  values  for 
the  reference  phase,  p(j  (t),  that  the  so¬ 
lution  for  the  entire  network  which  this 
system  represents  assumes  a  common  frequency 
f,(t)=f  and  a  stationary  phase  distribution 
p  j ( t ) -p  j ( t )  =  Pj-p,  •  Particulary ,  it  has 
been  possible  to  develop  realizations  of 
equation  (1),  which  Insures  linear  operation 
of  the  entire  network  without  excluding  the 
application  of  digitally  working  phase- 
locked  loops  3,4  '°  . 


For  communication  engineers  two  aspects 
of  equation  (1)  are,  with  respect  to  time, 
of  special  interest: 


P(s)  =  (  t-  G(s)J  •  G(s)[ 


KH(sl 


A  P  (s)| 


(4) 


where  G(s)  is  the  matrix  of  the  weighting 
factors  K-H(s).a,j  .  This  equation  illustrates 
the  relation  of  the  output  phases  P(s)  of  an 
oscillator  network  to  its  inner  phase 
sources,  F0(s)  and  APIs).  The  matrix  product 
[  E— G( s> •  G(s)  describes  the  closed-loop  gain 
of  the  entire  network.  One  can  see  that,  in 
addition  to  the  poles  of  H‘'(s)  and  G(s)  , 
those  of  the  matrix  [E-G(s)]*'  become  part  of 
the  stability  condition.  Gersho  and  Karafin 
have  demonstrated7,  that  stability  of  the 
entire  system  is  insured,  if 


and 


Det  [  E-G(s)]  4=  0  for  s»0 
lim  Det  |  E-  Gls) ]  0 


(5) 


(6) 


i.e.,  if  the  system,  for  s*0,  shows  only  a 
pole  of  first  order.  The  validity  of  equa¬ 
tion  (5)  results  in  stability  against 
qraduaT~rislnq  oscillations;  that  of equa¬ 
tion  (6)  in  stability  against  frequency 
drift.  In  these  cases  it  is  suitable  to  speak 
of  short-  and  long-term  stability.  This  is 
insured  if::  a)  for  every  sum  of  line-elements 
of  (s)  (i.e.,  the  maximum  closed  loop  gain 
of  every  generalized  control  loop) ,  according 


to  figures  3 
the  equation 


and  4  in  connection  with 


0, 


9i<s>l«  I  t  g«cs)| 


)♦> 
j  •  N 


,j 

5  K-H(s)£i 


<  1 


(7) 


is  valid;  and  b)  if  this  value,  for  s-*-0 


approaches  1  with  no  higher  degree  than  s1 . 
But,  this  leads  to  the  condition  of  peak- 
jitter  free  control-loops  with  an  inherent 
phase  error.  Fig.  5  demonstrates  the  situa- 
tion  of  the  poles  and  the  measured  dynamic 
behavior  of  a  network  of  four  variously 
intermeshed  oscillators  as  a  function  of  the 
product  Kth.  The  stability  of  mutually- 
synchronized  networks  with  H(s)  =  (Itsl^r'is 
secured,  if  KT*^o,5  for  SES  or  sO,25  for  DES, 
respectively. 

Observations  concerning  figures  of  merit 
for  various  methods  of  synchronization 
in  communication  retworks. 

Figure  10  demonstrates  nominal  short- 
and  long-term  inaccuracy  of  various  frequency 
sources.  Short-term  frequency  variations  up 
to  100s  are  generally  expressed  in  terms  of 
the  Two-Sample  Allan  Variance  Cy(T)  and  long¬ 
term  variations  as  the  peak  coefficent  of 
Af/f  for  t>100s.  Both  values  are  based  on 
estimations  denoted  by  (.7.).  In  order  to 
keep  the  frequency  offset  in  FDM  networks  or 
the  time  offset  in  TDM  networks  small,  the 
application  of  Cesium  atomic-frequency 
standards  emerges  as  a  highly  exact  and 
available  frequency  source.  For  a  discussion 
of  this  principle,  see  reference"  . 

The  following  examples  of  methods  of 
synchronization  are  intended  to  show  what 
steps  can  be  taken  to  help  insure  that  the 
above-mentioned  quality  characteristics  will 
be  retained.  As  a  reference  network,  we  chose 
a  hierarchically  organized  international  net¬ 
work  with  an  attached  national  network  geared 
to  present-day  and  future  communication  net¬ 
works,  in  this  case  that  in  the  Federal 
Republic  of  Germany  (figure  6) .  In  addition 
to  the  networks  on  an  international  level  (1) 
one  must  also  take  into  account  networks  on 
the  national  level  (2  to  M) ,  according  to 
their  size  (1  to  M-1).  On  the  international 
level,  references  to  the  propagation-delay¬ 
time  variations  are  based  on  the  conclusions 
obtained  through  the  operation  of  the 
satellite  "Symphonic"1*  .  On  the  national 
level,  estimated  means  of  propagation-delay¬ 
time  variations  are  based  on  those  existing 
now  in  the  Federal  Republic  of  Germany. 
Possible  configurations  for  the  two  basic 
methods  of  synchronization  are  presented  in 
figures  7.1  and  7.2.  Their  respective  merits 
can  be  described  in  terms  of  the  following 
characteristics : 

1 .  The  ensemble  average  of  the 
fractional  time-  or  of  the  frequency- 
deviation  (At/t  or  Af/f  respectively), 
between  different  network  node  outputs 
derived  from  the  phase  drift  of  the 
networks,  as  a  figure  of  merit  for  long¬ 
term-inaccuracy. 

2.  Variance  of  the  relative  time  differ¬ 

ence  between  different  network  node 
outputs,  derived  from  the  variance  of 
the  phase  variations  of  the  network,  as 
a  figure  of  merit  for  short-term- 
inaccuracy  .  ” 

These  discriptions  are  based  on  the 
experience  that  long-distance  connections  in 
communication  networks  generally  pass  a 


number  of  network  nodes  (which  can  be  taken 
as  random  samples  of  a  great  number)  for  a 
comparatively  short  connection  time,  tm. 

Every  trial  to  establish  a  connection  is 
taken  as  an  elementary  event,  and  the  phase- 
deviation,  measured  over  one  or  more  nodes 
at  time  instant  t,  as  a  time-dependent  random 
variable  or  stochastic  process  with  the 
parameters  e.g.  1.  and  2.  In  the  above 
mentioned  consideration,  the  extensive  mathe¬ 
matical  description  of  time-dependent  pa¬ 
rameter-variations  has  been  omitted,  because 
of  tnl«scK"'  ,  see  e.g.  reference19  . 

1.  Long-term  inaccuracy  t>K-1  : 

In  the  general  case  of  a  linear  network 
of  N  oscillators,  which  is  mutually  syn¬ 
chronized  according  to  the  phase-averaging 
principle,  phase  locked  loops  with  an  inte¬ 
gral  characteristic  are  excluded  for  the 
sake  of  drift  stability.  The  averaged  long¬ 
term  phase-error  between  two  network  nodes 
(i  and  j)  can  be  computed  from  the  systems 
of  equations  (2)  which  leads  to 
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in  which  the  pointed  brackets  <....)  are  used 
as  an  indication  of  ensemble-averaging.  C(N) 
represents  a  function  of  the  weighting 
factors  a^  and  the  network  configuration;  Af0 
represents  the  difference  of  the  oscillator 
frequencies  fJ0  and  f,0  in  the  off -control 
state;  f  =  T'1  represents  the  network  fre¬ 
quency;  and  6t(t)  represents  the  difference 
between  the  averages  of  the  propagation- 
delay-time  variations  ATij  and  ATji  ,  which  are 
accepted  by  the  nodes  i  and  j,  respectively. 
Concerning  slight  differences  of  synchro¬ 
nization  methods  see  e.g.  reference 9,23  .  As 

an  estimated  value,  < A t> represents  the  long¬ 
term  phase-error  according  to  Af  and  6t  as 
estimated  means  <A~f>  and  </£t>  ,  respective¬ 

ly,  or  worstcase  values.  Detailed  estimations 
have  shown  that  the  long-term  time  interval 
error  is  determined  only  by  Af/K.  Therefore, 
the  normalized  fractional  time  deviation 
becomes: 

<At)  .  T  <|A^t)l>  _  <AfQ)>  (9) 

Figure  8  confirms  the  fact  that  the  effects 
of  propagation  delay-time  variations  AI  on 
the  frequency  error  Aft  of  mutually-synchro¬ 
nized  networks  could  be  made  as  small  as 
desired  if  Kc*1  is  increased  without  changing 
to  a  DES.  But,  in  the  same  way,  the  frac¬ 
tional  time  error  At/T  increases  if  K0~’ 
decreases. 

2.  Short-term  Inaccuracy 

After  discussing  the  stability  of  a 
generalized  system  without  external  ex¬ 
citation,  we  shall  now  evaluate  the  systems 
of  equations  (3)  in  the  frequency  domain 
s  *  j ti>b  =j2llfb  ,  that  is,  for  undamped  ex¬ 
citation  and  with  elimination  of  terms 
concerning  frequency  drift.  This  yields,  in 
correspondence  to  (4) ,  the  expression 

«po».)I mo, 
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in  which  g(  juib)  =  g;  (ju>b)  from  equation  (7). 
In  the  following,  for  reasons  of  simplicity, 
H(fb)  =  1  /  ( 1 j2 it f bTh  )  is  assumed;  and  the 
transient  is  nonperiodic  i.e.  Ktb  =  0,25 <0,5, 
as  shown  in  figure  5. 

Equation  (10)  shall  now  be  expressed  as 
a  power  spectrum.  One  obtains,  in  the  fre¬ 
quency  domain 


♦  &P(fb)-C'(N)|g(fb)|  [  -  *6pM 

in  which  tf>4f(fb)  is  the  Power  Spectral 
Density  (PSD)  of  the  non-drifting  freerunning 
frequencies,  and  <feSp(fb)  that  of  the  non¬ 
drifting  and  weighted  phase  variations  in 
Hertz J/Hz  and  Timeslot 2/Hz ,  respectively. 

To  yield  a  first  approximation,  we 
shall,  considering  on  the  basis  of  work  which 
has  already  been  done  ' JMS.'t' V«,  assume  for  $4F 
as  well  as  for  i)jp  a  white  spectrum  with  a  PSD 
of  o//fHr  or  Opvf„p,  respectively,  at  least 
over  the  range  of  the  noise  bandwidth  fN  = 

=  K/4  of  g(f).  In  this  case,  o2  is  the  finite 
power  of  variation  of  the  process  in  the  time 
domain.  Thus,  equation  (11)  takes,  after 
integration  to  infinity  in  either  direction, 
the  form 

which  corresponds  to  the  sqare  of  the  en¬ 
semble  average  of  the  time  deviations, 

<6>J) At  >)2>.  In  this  expression,  fj, 
represents  the  noise  bandwidth  of  g(f)/H(f). 
With  £„g=  KDK0/4s:^Ng  we  yield  the  expression 
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which,  in  real  communication  networks  with  a 
finite  number  of  outputs  (N) ,  can  be  approx¬ 
imated  only  by  an  estimation  value. 

Equation  (13)  expresses  an  opposition  of  that 
part  of  variations  caused  by  frequency-  or 
phase-noise,  in  dependence  upon  the  slope 
characteristic  of  the  phase  discriminator, K0 . 
This  fact  has  been  plotted  in  figure  9  for 
various  products  X,f  (K0/KF)^’  oF  /K0  or 
xp=  (K0/Kp  Op  .  For  the  final  evaluations, 
it  is  assumed,  that  in  equation  (13)  one  or 
the  other  portion  tends  to  dominate  and, 
therefore,  from 

either  KDxp  or  K0xP  as  additional  phase- 
variations  can  be  computed  independently. 

Figure  10,  basing  on  datas  listed  in 
table  2,  gives  a  final  summary  of  the  long- 
and  short-term  behavior  of  mutually- 
synchronized  (DES;  SES)  or  directedly- 
synchronized  (MSS)  communication  networks: 

1 .  Long-term  behavior 

The  fractional  frequency  inaccuracy  of 
asynchronous  quartz  oscillators,  with  an 
assumed  linear  drift  of  frequency  with 
respect  to  time,  increases  up  to  infinity. 


Commercial  Cs-atomic  frequency  standards 
show,  in  the  asynchronous  operation  mode,  a 
constant  frequency  inaccuracy.  In  the  syn¬ 
chronous  operation  mode,  the  fractional  time 
inaccuracy  converges  towards  zero  if  the  MSS 
synchronization  method  with  a  vanishing 
phase  error  is  applied.  On  the  other  hand, 
the  time  inaccuracy  of  mutually-synchronized 
quartz  oscillators  remains  constant  with  a 
distinct  increase  in  quality  compared  to  the 
asynchronous  mode  and  a  slight  superiority 
of  DES  over  SES. 

2.  Short-term  behavior 

The  frequency  inaccuracy  of  asynchro¬ 
nous  oscillators  is  generally  less  than  that 
of  synchronous  networks,  because  the  phase 
variations  of  the  transmission  systems 
deteriorate  the  short-term  stability  of  the 
oscillators.  The  fractional  time  error 
converges  with  increasing  t  towards  the 
integral  of  spectrally-weighted  inconstancy 
of  the  oscillators  and  phase  variations  of 
the  transmission  paths,  according  to 
equations  (11)  and  (12).  The  DES  shows  a 
greater  time  error,  for  the  feedback  path 
yields  an  additional  variation  contribution. 
For  reasons  of  comparison,  the  time  interval 
error  TIE,  recommended  by  the  CCITT  for 
international  communication  systems20,  has 
been  outlined  in  figure  10.  Corresponding 
recommendations  for  FDM-networks  are  con¬ 
sidered  desirable  2,>22  .  Nevertheless,  short- 

and  long-term  behavior  of  synchronized  TDM 
networks  can  be  described  by  the  indicated 
fractional  time  errors  and,  according  to 
figures  8,  9  and  10,  can  be  interchanged 
within  certain  limits.  The  coupling  of  syn¬ 
chronous  networks  yields  a  system-dependent, 
limited  accumulation  of  time-  and  frequency 
errors,  a  fact  that  has  not  been  considered 
in  figure  lO  but  determins  the  structure 
constant  C(N)  of  equation  (8)  and  (10). 

Field  trials  concerning  both  Directed-  and 
Mutual  synchronization,  which  are  planned 
for  the  telephone  network  of  the  Federal 
Republic  of  Germany2*,  are  expected  to 
contribute  further  guiding  datas  for  more 
precise  considerations. 
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Figure  8:  Long-term  frequency  modulation  Aft  and  time-deviation  Al 
versus  discriminator  gain  KQ;  - :  SESj - :  DES 


Figure  9:  Short-term  phase  variation  due  to  Line  jitter  o, 

and  frequency-noise  o,  versus  discriminator  gain  KD 


Figure  10:  Approximated  long-  and  short-term  behavior  of  different  frequency 
sources  and  synchronized  networks 
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Summary 

Network  timing  is  a  fundamental  requirement  existing  in  com¬ 
munications  networks  which  multiplex  and  switch  digital  signals.  The 
network  timing  requirement  is  essentially  fulfdled  if  the  instantaneous 
nodal  clock  frequency  at  each  node  in  the  network  is  synchronous  to 
all  other  nodal  clocks  in  the  network.  This  paper  deals  with  four 
timing  techniques,  with  their  similarities  and  differences,  and  with 
their  relative  strengths  and  weaknesses  in  fulfilling  the  timing  require¬ 
ment  in  a  switched,  digital  military  communications  network  such  as 
the  future  Defense  Communications  System.  A  conclusion  is  pre¬ 
sented  as  to  the  most  appropriate  timing  techniques  and  is  supported 
by  both  analysis  and  simulation  results. 

The  four  timing  techniques  evaluated  were  independent  clocks, 
master-slave,  mutual  synchronization,  and  time-reference  distribution. 
The  first  technique,  independent  clocks,  is  an  undisciplined  tech¬ 
nique  because  each  clock  in  the  network  runs  independent  of  any 
control  from  a  reference.  The  remaining  three  techniques  -  master- 
slave,  mutual  synchronization,  and  time  reference  distribution  -  are 
disciplined  techniques.  In  all  of  the  disciplined  techniques,  each  of 
the  nodal  clocks  (with  the  exception  of  the  master  clocks  in  the 
time  reference  distribution  and  master-slave  techniques)  is  locked  to 
a  reference  signal.  One  of  the  principal  differences  between  the  tech¬ 
niques  is  the  choice  of  the  reference  signal.  This  difference  has  direct 
impact  on  the  capability  of  the  technique  to  accommodate  link-delay 
variations  without  deleterious  effects  on  nodal  clock  frequencies, 

A  second  difference  between  the  techniques  is  how  each  adapts  to  a 
loss  of  the  reference  signal  at  a  disciplined  node.  This  difference  is 
manifested  in  the  ability  of  each  technique  to  keep  the  frequency  of 
the  network  clocks  closely  aligned  after  such  a  failure.  Other  dif¬ 
ferences  in  techniques  arc  the  capabilities  of  providing  precise  time 
and  clock  error  correction,  and  provides  precise  time,  is  the  technique 
that  should  he  employed  at  the  major  nodes  of  the  network. 

The  analysis  and  simulation  results  that  will  be  presented  indi¬ 
cate  that  the  time  reference  distribution  technique,  which  distributes 
timing  in  a  tree  structure,  includes  double-ended  control  and  adaptive 
reorganization,  has  an  inherent  separation  of  clock  error  measurement 
and  clock  error  correction,  and  provides  precise  time,  making  it  the 
technique  that  should  be  employed  at  the  major  nodes  of  the  network. 

Introduction 

In  order  to  ensure  acceptable  performance  in  a  digital  communi¬ 
cations  network,  the  timing  or  synchronization  subsystem  of  that 
network  must  at  the  very  least  ensure  that  each  clock  in  the  network 
runs  at  the  same  average  frequency.  This,  however,  is  only  a  basic 
requirement  for  the  synchronization  subsystem.  In  order  to  provide 
superior  performance,  additional  properties  should  be  provided. 

I  nch  clock  should  run  at.  or  extremely  near,  the  same  instantaneous 
frequency  The  effect  of  path-delay  variations  on  nodal  clocks 
should  be  minimized.  Network  timing  should  be  maintained  in  the 
face  of  stress  situations  These  additional  properties  arc  very  signifi¬ 
cant  in  the  type  of  network  that  is  considered  in  this  paper;  that  is. 
a  worldwide,  switched,  digital  military  network  such  as  the  future 
Defense  Communications  System  (DCS) 


The  key  features  associated  with  the  military  nature  of  the  net¬ 
work  are  first,  the  predominance  of  secure  or  encrypted  traffic  tra¬ 
versing  the  network  along  with  the  resulting  importance  of  maintain¬ 
ing  bit-count  integrity  and  second,  the  network  stress  not  only  from 
normal  equipment  failures  common  to  all  systems  but  from  overt 
action  taken  by  an  enemy.  The  fact  that  it  is  a  worldwide  network 
ensures  the  linking  together  of  numerous  links  as  well  as  the  inclu¬ 
sion  of  several  different  types  of  links  (satellite,  cable,  LOS  micro- 
wave,  tropospheric  scatter,  etc.). 

In  this  paper  four  techniques,  master-slave,  independent  clocks, 
mutual  synchronization  and  time  reference  distribution  (each  of 
which  is  defined  in  detail  in  the  following  paragraph)  are  compared 
in  order  to  determine  the  most  appropriate  technique  to  use  in  the  sys¬ 
tem  outlined  above.  The  conclusion  drawn  from  a  preliminary  com¬ 
parison  of  the  techniques  indicates  that  each  of  the  four  techniques 
could  satisfy  the  basic  synchronization  requirement  of  ensuring  that 
each  clock  in  the  network  runs  at  the  same  average  frequency.  In 
truth,  the  viability  of  these  techniques  is  continued  by  the  fact  that 
each  of  these  techniques  has  either  been  implemented  or  is  planned 
to  be  implemented  in  at  least  one  digital  communications  network. 

As  a  result  of  the  equally  high  degree  of  potential  capability 
associated  with  each  of  the  techniques,  a  specific  solution  methodol¬ 
ogy  was  defined  in  order  to  draw  quantitative  comparisons  between 
the  alternate  techniques.  In  general,  the  bit-slip  rate  for  a  given 
buffer  size  was  selected  as  the  key  quantitative  measurement  param¬ 
eter;  that  is,  for  equivalent  buffer  size,  which  technique  would  pro¬ 
vide  the  smallest  number  of  bit  slips  over  a  given  time  interval.  Buf¬ 
fers  are  required  even  in  a  theoretically  ideal  timing  subsystem  where 
every  clock  in  the  network  runs  at  precisely  the  same  instantaneous 
frequency.  These  buffers  accommodate  the  expected  path-delay 
variations  on  a  single  link.  As  the  timing  subsystem  performs  "less 
optimally."  the  size  of  each  buffer  in  the  network  must  be  enlarged, 
if  no  increase  in  bit  slips  is  to  occur.  This  is  true  since  the  buffers 
must  now  accommodate  differences  in  instantaneous  nodal  clock 
frequencies  as  well  as  single  link  phase  perturbations  Although 
buffering  is  relatively  inexpensive,  it  is  certainly  desirable,  "cetris 
paribus."  to  minimize  buffer  size,  because,  at  the  very  least,  increases 
in  buffersiz.es  result  in  increases  in  transmission  delays. 

The  solution  methodology  followed  here  defined  both  a  num¬ 
ber  of  desirable  characteristics  that  enhance  overall  subsystem  utility 
and  j  timing-subsystem  test  bed  consisting  of  a  set  of  possible  net¬ 
work  configurations  and  stress  scenarios  Next,  the  degree  to  which 
each  technique  provided  the  desirable  characteristics  in  the  test-bed 
situation  was  evaluated. 


Overview  of  Candidate  Techniques 


I  he  four  candidate  techniques  evaluated  consisted  of  indepen¬ 
dent  clocks  which  can  he  characterized  as  an  undisciplined-  or  an 
unlocked-clock  approach  and  master-slave,  mutual  synchronization, 
and  time  reference  distribution  all  of  which  are  hacked  or  disciplined 
clock  techniques 
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Independent  Clocks 


Mutual  Synchronization 


The  independent  clock  approach  is  a  synchronization  approach 
using  unlocked  clocks  which  requires  a  very  stable  independent  clock 
at  each  node.  Data  traffic  arriving  from  other  nodes  in  the  network 
having  independent  clocks  must  be  buffered.  This  buffet  must  be 
sized  to  accommodate  the  possible  frequency  offsets  between  the 
independent  clocks  and  variations  in  1'requency  due  to  transmis¬ 
sion  phenomena. 

If  the  nodal  clocks  are  set  to  run  at  a  nominal  data  talc  of  f  . 
and  the  data  rate  of  any  two  nodal  clocks  is  within  At'0  of  fQ.  then 
the  maximum  difference  in  data  rate  between  any  two  nodal  clocks 
is  2  At  .  Assuming  that  a  buffer  size  of  m  bits  is  chosen  (set  initially 
at  half  full ).  the  lime  required  for  a  buffer  overflow  is  at  least 

T  =  m':  (I) 

:ai0 

letting 


denote  the  long-term  clock  stability  factor.  ( 1 )  becomes 

r  =  <3) 

4S.0 

Then,  using  Equation  (3).  the  buffer  size  which  guarantees  that  the 
time  between  overflows  or  underflows  is  at  least  T  seconds  can  be 
computed.  If  one  has  an  atomic  frequency  standard  with  S  =  10*". 
then  using  Equation  (3).  one  finds  that  a  buffer  size  of  1040  bits  is 
required  (at  f0  =  1 0  Mb/s)  to  guarantee  a  period  of  30  days  between 
buffer  overflows.  Thus,  one  can  see  that  buffer  sizes  may  be  signifi¬ 
cant  with  this  approach,  even  using  atomic  clocks. 

There  are  two  disadvantages  that  the  independent  clock  tech¬ 
nique  has  vis-a-vis  any  of  the  disciplined  clock  approaches.  First, 
because  clocks  are  not  disciplined,  ultimate  inherent  accuracy  must 
be  demanded  from  individual  clocks.  Thus,  the  number  of  cesium 
clocks  required  in  the  network  will  be  significantly  larger  than  any  of 
the  locked-clock  approaches.  This  results  in  a  significant  cost  impact. 
Second,  despite  the  highly  accurate  clocks,  periodic  bit  slips  must  be 
accepted  since  clocks  are  not  disciplined.  The  complete  independence 
of  the  nodal  clocks  does,  however,  insulate  the  network  performance 
from  local  failures  and/or  vulnerability. 


Master  Slave 


Master-slave  is  a  very  straightforward  disciplined  approach.  Tim¬ 
ing  is  distributed  through  a  master-slave  tree.  The  nodal  clock  is 
derived  by  locking  a  very  narrowband  phase-locked  loop  to  the 
received  bit  timing  from  an  incoming  trunk  This  approach  has  been 
used  in  many  of  the  commercial  systems  that  have  already  been  built 
(Western  Union,  Datran,  and  AT&T).  Generally,  a  hierarcha! 
approach  with  a  number  of  diverse  routes  for  timing  distribution  has 
been  used  This  gives  an  added  measure  of  survivability,  since  it 
minimizes  the  probability  that  a  given  node  will  be  forced  to  operate 
asynchronously  due  to  a  failure  in  the  particular  link  from  which  if 
derives  liming.  An  added  degree  of  sophistication  that  is  feasible 
with  respect  to  alternate  routing  is  adaptive  reorganization.  1  his  fea¬ 
ture  is  compatible  with  either  master-slave  or  time-reference  distribu¬ 
tion  since  both  are  based  on  hicrarchal  tree  structures.  However, 
because  it  requires  .  .uiplex  control  link  and  because  such  a  link  is 
already  part  of  the  umc-relcrc.icc  distribution  system  and  not  a  pari 
ot  ii.,  master-slave  system  this  leature  has  been  incorporated  in  the 
time-reference  distribution  apt  roach. 


Mutual  synchronization  is  a  synchronous  technique  where  the 
reference  for  the  local  nodal  clock  is  an  average  of  the  timing  signals 
derived  from  each  of  the  incoming  trunks.  Obviously,  the  loss  ol  a 
single  link  will  not  necessitate  a  network  reorganization  as  it  might  in 
a  master-slave  system.  However,  unlike  a  master-slave  system  a  link 
perturbation  on  any  of  the  incoming  trunks  can  have  an  effect  on  the 
nodal  clock  In  general,  it  can  be  said  that  a  common  average  fre¬ 
quency  for  all  nodes  in  the  network  is  achieved  in  the  mutual  syn¬ 
chronization  system  at  the  expense  of  increased  variations  in  instan¬ 
taneous  frequencies  between  nodes. 

Time  Reference  Distribution 

Time  reference  distribution  (TRDl  is  more  closely  related  to  a 
master-slave  system  than  any  other  technique.  In  fact,  il  can  he 
described  as  a  double-ended  master-slave  system  that  is  referenced  t" 
some  standard  of  precise  lime  and  includes  an  adaptive  reorganization 
capability  and  a  separation  of  error  measi  rement  and  error  correc¬ 
tion.  This  point  is  worthy  of  elaboration.  In  order  to  elaborate  on 
this  statement,  four  points  must  be  discussed.  These  are: 

•  Double-ended  versus  single-ended 

•  Adaptive  reorganization 

•  Reference  to  precise  time 

•  Separation  of  error  measurement  and  error  correction 

As  the  techniques  have  been  defined,  master-slave  is  a  single- 
ended  system  and  TRD  is  a  double-ended  system  The  single-ended 
approach  uses  a  reference  liming  signal  local  to  the  clock  being 
disciplined.  That  is.  the  reference  signal  is  the  timing  signal  derived 
from  one  of  the  received  trunks  This  signal  is  essentially  the  timing 
signal  generated  at  some  distant  node,  corrupted  by  the  link  varia¬ 
tions  inherent  in  the  media  and  corrected  by  the  appropriate  filtering 
in  the  receive  node.  Such  a  system  does  not  require  an  overhead  link 
for  timing  information. 

The  double-ended  system  attempts  to  lock  the  nodal  clock 
directly  to  the  timing  signal  generated  at  the  distant  disciplining  node 
This  is  accomplished  in  TRD  by  measuring  the  phase  offset  between 
clocks  via  a  time  transfer  technique,  as  illustrated  in  Figure  I .  and  by 
correcting  the  disciplined  clock  so  that  the  measured  phase  differ¬ 
ences  between  clocks  is  driven  to  zero  The  time  transfer  technique 
requires  an  overhead  link  from  the  disciplining  node  to  the  disci¬ 
plined  node. 

The  adaptive  reorganization  capability  included  n  the  time 
reference  distribution  approach  addresses  the  problem  of  how  nodes 
within  the  network  attain  a  timing  reference  after  the  primary 
reference  has  gone  down.  The  adaptive  reorganization  approach 
essentially  results  in  a  real-time  rating  of  all  the  potential  timing 
reference  sources  available  for  a  node  This  rating  is  based  on  link 
qualities,  clock  types,  and  timing  distribution  paths  to  the  ultimate 
master  The  technique  guarantees  that  the  best  available  reference 
for  each  node  is  selected  in  case  of  failure  The  requirement  placed 
on  the  network  for  this  service  is  an  overhead  channel  required  for 
the  distribution  of  link  and  nodal  rankings.  The  alternative  to  the 
adaptive  reorganization  scheme  is  3  fixed  reorganization  scheme  that 
can  result  in  deleterious  timing  results  in  the  face  of  certain  combina¬ 
tions  of  failures. 


A  valuable  by-product  of  the  TRD  approach  results  it  the  net¬ 
work  master  is  referenced  to  a  source  of  precise  time  such  as  UT(  at 
the  Naval  Observatory  If  this  is  done,  the  network  will  now  turn 
available  at  each  node  a  source  ot  precise  time  A  double-endcii 
system  (such  as  TRD)  is  the  only  type  that  can  provide  this  charac¬ 
teristic  The  resulting  benefits  are  discussed  later 

The  overhead  link  inquired  in  the  TRD  approach  l  u  time  tians 
fer  and  adaptive  reorganization  can  also  be  used  tor  the  transmtss.on 


437 


w 


of  measured  but  uncorrected  dock  errors  from  nod;  to  node.  The 
TRD  approach  provides  a  natural  division  between  error  measure¬ 
ment  and  error  correction.  If  the  time  interval  for  enor  correction 
is  long,  the  measured,  but  uncorrected,  error  on  a  series  of  tandem 
links  may  be  provided  via  overhead  to  nodes  lower  in  the  hierarchy. 
This  permits  the  simultaneous  correction  of  all  clocks  in  the  network 
directly  to  the  master  clock;  thus,  all  clocks  are  brought  more 
quickly  to  synchronism. 

Criteria  for  Evaluation 

In  order  to  compare  the  candidate  techniques  in  a  definitive  and 
consistent  manner,  a  test  bed  was  defined  which  consisted  of  the  fol¬ 
lowing  three  areas: 

1 .  A  set  of  desirable  characteristics  which,  if  possessed  by  a 
candidate  technique,  would  enhance  the  overall  utility  of  the  syn¬ 
chronization  subsystem. 

2.  A  set  of  network  configurations  each  of  which  was  repre¬ 
sentative  of  the  type  of  network  the  timing  subsystem  might  serve. 

3.  A  set  of  stresses  through  which  the  candidate  techniques 
should  hopefully  continue  to  function. 

The  goal  of  the  evaluation  of  the  techniques  was  to  determine 
which  of  the  candidate  techniques  would  most  consistently  provide 
the  desirable  characteristics  while  operating  through  stress  situations 
in  the  representative  network  configurations. 

Desirable  Characteristics 

A  number  of  characteristics  have  been  identified  that,  if  pos¬ 
sessed  by  a  timing  subsystem,  would  be  considered  advantageous 
from  a  system  viewpoint.  These  desirable  characteristics,  although 
not  necessary  for  the  provision  of  a  minimal  level  of  performance,  do 
enhance  the  overall  utility  of  the  timing  subsystem.  The  desirable 
characteristics  are  survivability,  limited  error  propagation,  compati¬ 
bility  with  other  global  timing  subsystems,  precise  time  availability, 
stability,  momtorability,  minimum  susceptibility,  flexibility,  inter¬ 
operability,  and  maximum  availability.  Below,  each  of  these  charac¬ 
teristics  is  defined  and  is  justified  as  being  important  in  the  overall 
subsystem  evaluation. 

1.  Survivability.  Survivability  indicates  the  degree  to  which 
the  timing  subsystem  continues  to  perform  its  function  (to  provide 
network  timing)  during  periods  of  stress.  Obviously,  a  military  com¬ 
munications  network  must  provide  dependable  communications  for 
its  users  during  stress  situations.  The  frequency  offset  between  nodes 
during  stress  is  taken  as  the  measure  of  survivability  of  the  timing 
subsystem.  If  this  offset  increases  in  a  stressed  environment,  then  bit 
slips  increase  which  lead  to  misaligned  frames  in  multiplexers  and 
switches  and  a  need  to  resynchronize  cryptos.  If  the  slip  rate 
becomes  excessive,  data  traffic  will  degrade  significantly. 

2.  Error  Propagation.  It  is  desirable  to  prevent  disturbances 
(such  as  stresses  or  path-delay  variations)  in  one  part  of  the  network 
from  propagating  and  influencing  the  phase  of  nodal  clocks  in  other 
parts  of  the  network. 

This  is  an  important  characteristic  because  in  preventing  the 
propagation  of  perturbations  in  nodal  frequencies  from  node  to  node 
throughout  the  network,  one  maximizes  the  stability  of  each  nodal 
clock  and  minimizes  the  buffer  size  required  to  achieve  a  desired  slip 
rate.  The  parameter  that  will  be  used  as  a  measure  of  error  propaga¬ 
tion  is  the  offset  in  phase  of  each  nodal  clock  from  their  steady  state 
values  as  a  result  of  certain  network  stresses 

3.  Compatibility  With  Other  Global  Timing  Subsystems.  This 
characteristic  refers  to  the  degree  with  which  the  network  frequency 
and/or  precise  time  agrees  with  that  provided  by  other  global 
Navigation/Timing  Systems  such  as  Loran-C.  Omega,  and  GPS.  Such 
agreement  enhances  the  availability  of  the  timing  function  since  it 
provides  functional  redundancy. 


4.  Precise  Time  Availability.  Precise  time  can  be  defined  as 
the  correct  absolute  time  as  kept  by  a  standards  laboratory  such  as 
the  USNO.  The  timing  subsystem  could  be  designed  to  acquire  and 
disseminate  precise  time  from  the  USNO  within  some  margin  of  error. 
This  capability  is  desirable  for  the  following  reasons: 

a.  The  network  is  automatically  referenced  to  UTC  and 
has  the  advantages  of  better  interoperability  with  other  networks 
referenced  to  UTC  and  compatibility  with  other  global  timing  systems. 

b.  Precise  time  is  useful  in  assisting  synchronization  of 
spread  spectrum  equipment  and  in  providing  synchronization  for 
TDMA  networks. 

c.  Precise  time  would  be  more  widely  available  to  those 
users  of  precise  time  within  the  government.  This  will  simplify  their 
problems  of  updating  their  precise  time  standards. 

5.  Stability.  The  timing  subsystem  must  be  a  stable  system 
(in  a  feedback  control  sense). 

This  is  critical  because  if  the  system  were  not  stable,  nodal 
clocks  could  be  continually  pulled  off  in  one  direction  or  simply  be 
unable  to  maintain  network  synchronization.  The  results  of  such  an 
occurrence  would  be  buffer  overflows  and  therefore ,  continual  bit 
slips. 

6.  Monitorability.  Monitorability  is  the  level  to  which  the 
timing  subsystem  can  provide  data  used  in  assessing  its  own  perform¬ 
ance.  It  is  apparent  that  monitorability  is  valuable  at  least  to  the 
extent  that  an  option  such  as  a  redundant  piece  of  equipment  or  an 
alterr-  -te  link  is  available  and  can  be  utilized  as  a  result  of  decisions 
made  on  the  basis  of  monitored  information. 

Monitorability  is  a  significant  characteristic  because  it  can 
lead  to  greater  availability.  If  potential  failures  can  be  identified 
prior  to  failures  actually  occurring,  these  situations  can  be  remedied 
on  an  off-line  basis.  The  result  is  therefore  both  an  increase  in  MTBF 
and  a  reduction  in  MTTR  and  therefore,  a  greater  availability. 

7.  Susceptibility.  Susceptibility  is  the  degree  to  which  the 
timing  subsystem  may  be  spoofed,  jammed,  or  disrupted  by  an 
enemy  via  electronic  means,  as  well  as  disrupted  due  to  natural 
phenomena. 

Because  of  the  critical  nature  of  the  military  communica¬ 
tions  mission,  it  is  apparent  that  it  could  be  a  focal  point  of  enemy 
action  during  conflict.  Therefore,  susceptibility  is  a  key  characteris¬ 
tic.  Any  timing  subsystem  that  by  its  nature  increases  the  suscepti¬ 
bility  of  the  network  as  a  whole  represents  a  significant  handicap. 

Slip  rate  will  again  be  the  measurable  quantity  in  evaluating  suscepti¬ 
bility.  The  evaluation  consists  of  measuring  the  rate  of  accumulation 
of  phase  error  between  the  nodal  clocks  (slip  rate  is  directly  propor¬ 
tional  to  the  rate  of  accumulation  of  phase  error  between  the  nodal 
clocks  at  two  nodes  and  inversely  proportional  to  the  buffer  size) 
under  3  variety  of  possible  stress  scenarios. 

8.  Flexibility.  Flexibility  is  the  degree  to  which  the  timing 
subsystem  is  compatible  with  the  orderly  implementation,  growth 
and  extension  of  the  network.  Such  a  feature  is  especially  desirable 
in  a  military  communications  network  which  must  often  provide  at 
a  later  date,  service  and  capability  unknown  at  the  present. 

9.  Interoperability.  Interoperability  is  the  degree  to  which 
the  timing  subsystem  influences  the  traffic  interface  between  the  net¬ 
work  it  serves  and  other  military  and  commercial  communications 
systems.  Such  interoperability  is  significant  because  of  the  inevitable 
use  of  facilities  external  to  the  network  itself. 

10.  Availability.  Availability  which  is  the  quotient  of  mean- 
time-beforc-failurc  and  the  sum  of  mean-time-beforc-failure  (MTBF) 
and  the  mean-time-to-repair  (MTTR)  is  a  significant  characteristic  for 
all  major  systems,  and  its  importance  is  apparent  for  the  timing  sub¬ 
system  of  a  military  communications  network 


Network  Configurations 

A  number  ol  network  configurations  were  used  in  the  computer 
simulation  that  was  required  to  evaluate  desirable  characteristics  such 
as  err...  propagation  and  survivability.  Two  reasons  precipitated  the 
use  of  several  different  configurations  rather  than  a  single  network 
configuration,  first,  the  nodal  phase  and  frequency  offsets  in  any  of 
the  disciplined  techniques  are  dependent  on  the  network  configura¬ 
tion.  Second,  the  desire  to  keep  the  results  of  the  simulation  as 
general  as  possible.  Two  of  the  connectivity  patterns  used  are  illus¬ 
trated  in  Figures  2  and  3.  Figure  2  was  called  the  Dumbbell  Node 
Configuration  because  of  its  peculiar  shape.  It  consists  of  two  rela¬ 
tively  congested  communications  areas  interconnected  by  a  rela¬ 
tively  small  number  of  links.  The  Meandering  Node  Configuration 
(Figure  3)  is  so  named  because  of  the  backbone  node  path  consist¬ 
ing  of  Nodes  5, 8,  14,  1 8,  20, 23,  24,  and  29  which  are  interconnected 
to  a  meandering  path  similar  to  a  river. 

Stress  Scenarios 

Three  types  of  network  perturbations  were  included  in  the  eval¬ 
uation.  First,  normal  phase-delay  variations  which  can  be  expected 
on  various  transmission  media;  second,  changes  in  dock  frequencies 
which  can  result  from  various  clock  failures:  third,  loss  of  a  node  and/ 
or  link  with  the  resultant  transience  in  network  frequency. 

Computer  Simulation 

Goals 

The  computer  simulation  was  generated  in  order  to  provide  a 
means  for  studying  the  reaction  of  a  complex  interconnected  network 
to  various  disturbances  and  stresses.  It  is  mainly  due  to  the  numbers 
ol  nodes  and  links  that  must  be  used  in  a  representative  model  that 
a  computer  simulation  is  deemed  necessary.  The  two-  or  three-node 
case  can  be  analyzed  without  such  aids.  Normal  disturbances  include 
clock  jitter,  clock  drift,  initial  frequency  and  phase  offsets,  and 
normal  link-delay  variations.  Abnormal  stresses  include  clock  fail¬ 
ures,  node  failures,  link  failures,  and  abnormal  link-delay  variations. 
The  simulator  can  thus  he  used  for  comparing  the  performances  of 
various  timing  techniques.  The  major  parameters  used  in  such  com¬ 
parisons  include  the  following: 

1 .  The  speed  with  which  the  network  disposes  of  a  transient 
condition. 

2.  The  degree  of  closeness  that  the  nodal  clock  frequencies 
are  held  together. 

3.  The  amount  of  phase  error  that  can  be  found  at  the  various 
nodes. 

During  the  period  of  recovery  from  a  disturbance  occurring  some¬ 
where  in  the  network,  the  timing  subsystem  is  more  vulnerable  to 
any  other  disturbances  that  might  occur.  During  transient  conditions, 
error  detection  equipment  has  degraded  frame  of  reference  and 
reconfiguration  apparatus  is  mar  •  susceptible  to  error  in  the  worst- 
case  and,  at  best,  is  subject  to  a  delayed  response.  Thus,  shorter 
transient  time  is  a  desirable  feature.  As  stated  earlier,  the  ideal  con¬ 
dition  is  that  all  clocks  in  the  network  remain  exactly  together.  By 
providing  receiving  buffers  on  each  link,  some  tolerance  to  temporary 
differences  in  clock  frequencies  may  be  obtained.  However,  any  two 
communicating  nodes  must  have  aii  average  difference  frequency  of 
zero  if  finite  size  buffers  arc  used  and  loss  of  data  is  avoided.  Thus, 
clocks  held  closely  together  are  desirable  attributes  Small  phase 
errors  at  any  instant  of  time  arc  desirable  because  phase  errors  repre¬ 
sent  a  difference  in  clock  time  readings  and  are  stored  potential 
which  may  be  converted  to  a  kinetic  change  in  clock  frequencies  as  a 
result  of  some  future  disturbance. 

Timing  Technique  Models 

The  simulator  consists  of  models  of  the  timing  techniques,  trans¬ 
mission  link  media  models,  and  statistical  clock  models.  For  the  tim¬ 
ing  technkiue  models,  only  the  three  disciplined  techniques  were 


considered  since  the  performance  evaluation  of  the  independent 
clock  technique  did  not  require  a  simulation  model,  i'.i.h  of  the  dis¬ 
ciplined  clock  technique  models  consisted  of  the  following  segments 
a  description  of  how  tile  reference  information  was  to  be  dissemi¬ 
nated:  an  organization  reorganization  procedure  for  the  network, 
and  an  analytical  description  of  the  processing  of  the  timing  informa¬ 
tion  at  the  node.  In  the  ease  of  the  master-slave  technique,  reference 
information  winch  is  obtained  from  the  hit  transitions  ol  the  incom¬ 
ing  data  is  distributed  via  a  subset  of  links  which  is  superimposed  on 
the  communications  network.  Reorganization  of  the  network  is 
based  on  a  predetermined  ranking  of  all  available  references  at  each 
node.  Processing  of  the  timing  information  is  aeeomplished  via  the 
phase-lock  loop  which  is  shown  in  Figure  4.  The  closed  loop  has  j 
transfer  function  which  may  be  written  as 

0o(s>  _  KvF(s> 

Oj Vs)  "  S  +  Kv  1 1 si  ,4‘ 

The  loop  type  included  in  the  model  is  a  type-two  loop  which  is 
obtained  by  using  an  integral  plus  a  proportional  loop  filter:  i.e.. 

F(s)  =  (s  +  a)/s.  The  closed  loop  transfer  function  then  becomes 


®o<i>  =  2  ^Ns  +  “N2 _  . 

0.  is)  :  r  si  ’  *  <:'i 

where 

“N  =  and  t  =  Skv/*T 

Two  principal  differences  of  this  type  of  loop  as  compared  to  a 
type-one  loop  are  that  the  integrator  in  the  loop  filter  provides  "fre¬ 
quency  memory”  for  use  when  "coasting"  without  a  reference  and 
that  the  loop  bandwidth  can  be  changed  as  an  acquisition  aid  to 
speed  up  acquisition  from  large  frequency  offsets.  The  loop  param¬ 
eters  used  in  tracking  d  not  impose  a  limit  on  the  acquisition  time 
as  they  do  when  using  a  type-one  loop.  This  will  allow  the  use  of  very 
narrowband  loops  while  still  retaining  good  acquisition  performance. 
Tills  two  bandwidth  approach  is  included  in  the  model.  An  extended- 
range  phase  detector  improves  the  performance  ol  the  loop  signifi¬ 
cantly  in  fills  application  by  allowing  the  use  of  narrower  bandwidths, 
and  it  also  has  been  included  in  the  model. 


The  loop  parameters  selected  for  the  acquisition  and  tracking 
modes  are  shown  in  Table  1 . 


Table  1 

Tracking  1=4,  <t>fj  =  5.6  x  10*5  rad, see 

For  a  drift  rate  of  1  x  1 0" 1  ®  x  l0  per  day,  these  parameters  give 
a  steady-state  phase  error  of  0,37  /zsec. 

Fast  Acquisition  £  =  0.707.  =  0.007  rad/sec 

The  loop  will  acquire  from  a  combined  fractional  frequency  off¬ 
set  of  2  x  I  O'8  and  a  phase  offset  of  2  usee  in  1800  sec. 

For  the  mutual  synchronization  model,  a  type-oiu  loop  was 
selected.  Stability  analyses  for  single-ended  mutual  synchronization 
systems  have  shown  that  in  order  for  a  mutual  synchronizal  rn  s\  s 
tern  to  be  stable,  it  requires  a  closed-loop  phase  response  tint  satisfies 


=  |ll(ui)|  <  I.  to  >  O  (ol 
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It  can  be  shown  that  type-two  loops  with  filters  of  the  form 
F  (s)  =  (s  +  a)/s  never  satisfy  this  condition  ( note  that  |H  (con)|>  I ). 
This  means  that  phase  jitter  a’,  the  natural  frequency  will  be  ampli¬ 
fied  each  time  it  passes  through  the  timing  regeneration  circuitry 
at  a  node.  Since  this  is  a  closed-loop  system  of  many  interconnected 
PLL's,  one  can  see  that  the  amplification  of  phase  jitter  is  the  source 
of  the  instability  The  selected  loop  parameters  are  shown  in  Table  2. 

Table  2 

£  =  1 .  Wjq  -  1 .67  x  10"^  rad/s 

For  a  fractional  frequency  offset  of  1  x  I0"*\  these  parameters 
give  a  steady-state  phase  error  of  2  fl sec. 

The  TRD  technique  uses  the  same  kind  of  structure  for  dissemi¬ 
nating  reference  information  as  is  used  for  the  master-slave  technique. 
However,  it  is  a  double-ended  scheme:  i.e..  there  is  a  two  way 
exchange  of  information  between  adjacent  nodes  in  a  chain  such  that 
the  effects  of  transmission  delay  variations  are  removed.  In  this  man¬ 
ner,  the  nodal  clocks  may  be  held  as  closely  together  as  two-way  path- 
delay  asymmetries  and  the  measurement  errors  allow.  The  model 
assumes  that  a  special  overhead  channel  is  utilized  for  carrying  the 
reference  information.  A  further  difference  between  the  TRD  and 
master-slave  techniques  i,  that  reference  information  concerning 
an  estimated  error  between  the  ultimate  reference  source  and  each 
node  in  the  chain  is  added  in  and  passed  on  to  each  succeeding  node 
in  the  chain.  This  information  is  not  filtered  before  being  utilized. 

The  TRD  model  also  utilizes  an  adaptive,  self-organizing  scheme 
rather  than  a  fixed,  reorganizing  scheme.  The  adaptive  scheme 
included  in  the  simulation  model  is  based  on  a  system  of  clock  quality 
factors  and  link  demerits. 

The  processing  of  timing  information  in  the  TRD  technique 
that  is  included  in  the  TRD  model  is  analogous  in  some  respects  to 
the  processing  in  the  master-slave  technique.  The  TRD  error  proces¬ 
sor  is  implemented  as  a  loop  filter. 

The  error  processing  filter  selected  is  shown  in  Figure  5.  It  is  an 
integral  plus  a  proportional  filter.  If  timing  errors  measured  in  nS  are 
fed  to  the  filter,  a  correction  term  C  in  nS/s  appears  on  the  output. 

As  indicated  the  proportional  term  performs  the  short-term  phase 
correction  while  the  integral  term  performs  the  correction  fora  fre¬ 
quency  offset  between  the  local  clock  and  the  master.  The  time  con¬ 
stants  for  these  two  correction  terms  can  be  made  considerably  dif¬ 
ferent  by  choosing  a  «k  (i.e.,  selecting  a  large  value  of  c  1. 

Two  sets  of  filter  parameters  were  determined,  one  set  for 
cesium  clocks  and  another  set  for  quartz  clocks.  The  selected  param¬ 
eters  are  given  in  Table  3. 

Table  3 

Cesium  (  locks 

Only  tracking  parameters  arc  used 
=  1.12  x  I  O'5  rad's,  t  =  2 

these  give  K  =  4.5  x  HP5  S"1  and  a  =  2.8  x  10^’S"1 

1 1 ' i >  gin"-  a  peak  frequency  error  of  4  5  \  10"'  ‘  when  a  step  of 
I  //sec  of  phase  offset  is  applied 

(.hiartz  (  rystal  (  locks 

fracking  -  I  I J  \  |0""*  rad/sec,  £  =  2 

Ihix  results  in  K  '  *  5  x  1  <>  *  S"'  and  a  -  7  X  x  HP-'  S"* .  For 
a  drift  rate  of  I  \  lir'u  pet  ,lay.  these  parameters  provide  a  stcady- 
siats  phase  error  of  i|()o  u sec. 


Fast  Acquisition  =  U.007  rad/sec  ^  =  0.707 
This  results  in  K  =  0.001  S~'  and  a  =  0.005  S"' 

Link  Models 

Since  the  nodes  in  the  network  can  be  connected  by  links  using 
coaxial  cable,  line-of-sight  microwave,  satellite  or  tropospheric  scat¬ 
ter  media,  the  phase  variations  for  each  had  to  be  quantified.  The 
models  used  were  derived  from  the  literature."'^  ^ 

Statistical  Clock  Models 

Three  types  of  timing  clocks  were  considered.  They  are  the 
cesium,  beam-controlled  oscillator,  the  rubidium,  gas-cell,  resonator- 
controlled  oscillator  and  the  quartz  crystal  oscillator.  No  matter 
which  of  these  types  of  clocks  are  used  at  any  given  time  at  any  node, 
its  essential  properties  may  be  described  by  a  list  of  parameters  which 
are  controlled  by  random  number  generators.  The  parameter  list 
contains  four  parameters  for  each  nodal  clock.  These  parameters 
include  frequency,  short-term  stability,  and  accuracy  or  long-term 
stability  and  drift  rate.  Frequency  refers  to  nominal  frequency.  This 
parameter  is  gencrateu  for  each  node  from  a  random  generator  at  the 
beginning  of  each  simulation  run  and  is  modified  during  the  run  by 
the  accuracy  random-number  generator  or  by  the  drift-rate  parameter. 
At  each  simulation  step,  a  short-term  stability  offset  is  generated  and 
added  to  the  current  value  of  nominal  frequency  to  provide  the  mean 
frequency  for  the  simulation  step.  From  vendor  literature,  it  appears 
that  short-term  stability  (up  to  approximately  0  4  second  I  is  essen¬ 
tially  the  same  for  all  three  types  of  frequency  standards  if  drift  rates 
are  not  included  for  rubidium  and  quartz.  This  literature  shows 
measurements  for  square  root  of  the  sum  of  the  squares  of  successive 
differences  in  average  frequency  measurements  for  measurement 
intervals  from  10"^  to  10+^  seconds.  Thus,  the  short-term  stability 
random  number  generator  may  sample  from  a  normally  distributed 
variable  with  a  zero  mean  and  a  standard  deviation  equal  lo 

(2,T).  where  T  corresponds  to  the  simulation  step  interval 

These  deviations  are  given  as  piecewise  functions  of  r  for  each  clock 
type  in  Table  4  along  with  systematic  drift  for  each  clock. 


Table  4 

Quartz 

-3  <log|Q  r  < -0.55  .  log|Q  -log]Q  r -I  1 .7049 
-0.55  <  log|  t<4  .  O  -  7  x  1 0"'  ~  or  log] q  0  -  -  I  I . I  549 
Systematic  Drift  +1  x  10~'®/day  -+•  1.57  x  IO"^/sec 
Rubidium 

-3  <  log|QT<-l  .  log|Q  <T= -logjQ  T-U.7049 
-Klog|(JT<2  .  log|QC=  -0.5  log  |Q  T -I  I  1 549 
:<Jog,0r<4  <7=1  \  UrM  or  1<H!10  <7=  -|  M54‘> 

System.! tic  Drift  j.1  \  1 0”^ / 'month  -►  3.tS5N  \ 

(  csium 

-5  $  ln»*|^T<-n  5^  -101*^1  t  -l  I  7 04*1 

-0  55<log|0T£l)o  .  <7  =  ~  \  III"'  -  or  log  1 1|  <7  "  -III  54- 1 

II  I.  <log|()-<4  i'  -  -0  5  log|(,  T-|  |  (14 
Systematic  1 'tilt  Nf  ne  5  »ni!  Stiihihtv  ♦  \  M  11 
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Typical  Simulation  Results 

Some  typical  simulation  results  are  presented  in  Figures  0.  7. 
and  8.  These  figures  and  their  meaning  are  briefly  explained,  and 
then  a  summary  of  the  simulation  results  is  presented 

Figures  b.  7,  and  8  each  display  nodal  frequency-error  plots  at 
selected  nodes  in  the  dumbbell  network  configuration  that  result 
from  initial  transients  plus  normal  link  disturbances  plus  stress  events. 
Figure  b  displays  these  results  for  the  mutual  synchronization  tech¬ 
nique:  Figure  7  displays  the  results  for  the  master-slave  synchroniza¬ 
tion  technique:  and  Figure  8  displays  the  TRD  results. 


Figure  b  for  example  shows  the  nodal  frequency  errors  for 
Nodes  1 5.  1 7.  and  25.  The  step  change  in  the  frequencies  of  1  x 
10'**  x  fQ  at  time  10.000  seconds  of  Nodes  18,  21,  and  25  caused 
Node  1 7’s  clock  to  change  by  32  x  10'*®  x  fQ  but  had  little  effect 
on  the  nodes  in  the  left  halt  of  the  network.  The  change  of  I  x 
10"**  x  fQ  in  clocks  13.  14.  and  15  at  20,000  seconds  had  little  effect 
on  the  nodes  of  the  right  half  of  the  network.  Node  1 6  acted  as  a 
buffer  during  the  period  front  10,000  seconds  to  20,000  seconds. 

The  net  result  of  these  two  changes  was  almost  zero  by  40,000 
seconds.  At  40.000  seconds  when  Links  I  b- 1 8  failed,  Node  I5’s 
clock  decreased  in  frequency  by  approximately  27.6  x  10"*®  x  fQ. 
Loss  of  Links  I  7-18  at  60.000  seconds  caused  Node  1 7’s  clock  fre¬ 
quency  to  decrease  by  about  17  x  10"*®  x  fQ.  The  increase  in  delay 
on  Links  14-16  at  time  100.000  seconds  caused  almost  no  change  in 
any  of  the  three  plotted  nodes’  frequencies.  When  Links  1 5-16  failed 
at  time  140,000  seconds.  Node  1 5  decreased  in  frequency  by  approxi¬ 
mately  73  x  10"*®xfo.  Failure  of  Node  1 7  at  1 80,000  seconds 
caused  the  clock  frequency  of  Node  1 5  to  decrease  by  approximately 
I  7  x  10"*®  x  fQ  and  the  clock  frequency  of  Node  25  by  approxi¬ 
mately  1 1  x  10"’®  x  f0.  The  smaller  change  in  Node  25’s  frequency 
is  attributed  to  the  larger  number  of  nodes  connected  to  25.  Failure 
of  Node  24  at  220,000  seconds  caused  25’s  frequency  to  momen¬ 
tarily  decrease  by  approximately  32  x  10"*®  X  fQ. 


A  tabular  summary  of  the  bulk  of  the  simulation  run  results  will 
be  much  more  helpful  and  is  shown  in  Table  5. 

A  link  dropout  or  node  failure  results  in  changing  references  in 
the  TRD  and  master-slave  techniques.  It  results  in  reaveraging  phase 
errors  from  the  remaining  references  in  the  mutual  sync  technique. 

As  a  result  of  these  types  of  stresses,  the  master-slave  technique 
showed  peak  frequency  error  up  to  3.25  parts  in  10*®.  The  mutual 
sync  technique  showed  peak  frequency  changes  of  from  ten  to  twenty 
times  that  of  master-slave  while  no  variation  in  nodal  frequency  was 
experienced  with  the  TRD  technique  due  to  these  stresses. 


The  response  of  the  TRD  node  to  a  VC O  center  frequency 
change  was  due  to  a  time  skew  in  the  components  that  make  up  the 
total  time  reference  signal  with  respect  to  the  master  at  nodes  further 
down  the  inning  chain  than  where  the  stress  occurred  This  time 
skew  in  error  components  was  a  result  of  the  method  of  implementa¬ 
tion  ot  the  simulator  hut  is  not  inherent  to  the  TRD  technique.  This 
response  does  not  die  out  in  going  further  out  the  chain  as  with  the 
master-slave  technique  because  with  TRD  each  succeeding  node 
receives  the  same  error  due  to  the  skewed  samples. 

The  master-slave  and  TRD  techniques  experienced  the  same 
change  in  nodal  frequency  when  switching  from  tracking  to  acquisi¬ 
tion  mode.  However,  this  is  strictly  a  function  of  the  loop  param¬ 
eters  and  phase  threshold  at  which  the  switch  occurs 


Table  5 

Disturbance  Peak  Frequency  Change  ( A f/ f 0  x  10*®l 


Nodes 

Mutual 

Master- 

Away 

Sync 

Slave 

TRD 

Link  Dropout 

1 

Max  -  65 

Max  -  3.25 

0 

or  Node  Failure 

Nom  -  20-30 

Nom  -  2 

■> 

Max  30 

Max  2 

0 

Nom  -  3-10 

Nom  -  1 

f nange  in 

VCO  Center 

1 

10-33 

81 

7 

Frequency 
of  1  x  1 0"8 

0-10 

10 

7 

Switch  From 
Tracking  to 

0 

[2(4 

192 

A  ^T  u 

192 

Acquisition 

Mode 

nT)A<*0 

Satellite  Link 

1 

Max  -  7.5 

0.6 

0 

Disturbance 

-> 

2. 5-5.5 

Evaluation  of  Candidate  Techniques 

In  order  to  compare  the  candidate  techniques,  their  ability  to 
provide  each  of  the  desirable  characteristics  delineated  above  was 
evaluated.  The  results  are  summarized  below. 

Survivability 

Since  timing  subsystem  performance  is  directly  tied  to  slip  rate, 
slip  rate  as  a  function  of  level  of  stress  was  chosen  to  be  indicative  of 
the  survivability  of  each  timing  approach. 

There  are  two  parts  to  the  problem  of  minimizing  the  slip  rate 
in  a  digital  network: 

1 .  Keep  the  nodal  clocks  of  all  communicating  node  pairs 
synchronous  as  much  as  possible. 

2.  Minimize  the  frequency  offset  between  the  nodal  clocks  of 
asynchronous  communicating  nodes  and  minimize  the  amount  of 
time  they  must  communicate  with  asynchronous  nodal  clocks. 

To  put  these  comments  in  perspective,  note  that  the  indepen¬ 
dent  clock  technique  uses  asynchronous  clocks  at  every  node.  The 
slip  rate  due  to  buffer  overflows  is  strictly  a  function  of  the  clock 
accuracy  and  the  buffer  size  and  will  not  change  as  a  function  of 
stress  level.  On  the  other  hand,  one  could  reduce  the  slip  rate  by 
slaving  these  clocks  to  a  common  master  through  some  timing  distri¬ 
bution  hierarchy.  This  would  make  all  nodal  clocks  synchronous 
and  slips  due  to  buffer  overflows  could  be  avoided  entirely  providing 
there  were  no  link  or  node  failures.  If  link  or  node  failures  occur, 
then  some  nodes  may  lose  their  reference  to  the  master.  Then  some 
nodes  with  asynchronous  nodal  clocks  may  be  communicating  and 
could  experience  slips.  Such  nodes  are  called  “asynchronous  com¬ 
municating  nodes”  and  will  remain  asynchronous  until  they  once 
again  become  locked  to  a  common  reference.  It  is  very  desirable  that 
the  timing  approach  minimize  the  period  of  time  during  which  such 
nodes  are  asynchronous 


From  these  comments  one  can  take  issue  with  the  common  mis¬ 
conception  that  the  independent  clock  approach  offers  the  ultimate 
in  survivability  One  can  argue  that  a  disciplined  technique  with  a 
fixed  timing  distribu’ion  network  has  better  survivability  because 
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nodes  will  not  experience  slips  as  long  as  they  can  obtain  a  reference, 
and  when  a  reference  is  not  available,  they  revert  to  a  self-reference 
approach  which  has  performance  that  can  approach  the  independent 
clock  technique  However,  the  improvement  in  using  this  approach 
is  not  great  because  of  the  significant  probability  th'at  a  node  will 
lose  its  reference.  This  is  the  reason  that  hierarchial  disciplined 
approaches  have  been  criticized  for  having  poor  survivability.  How¬ 
ever.  there  is  a  better  way  for  distributing  timing.  In  fact,  a  dramatic 
improvement  in  survivability  can  be  obtained  by  using  an  adaptive 
timing  distribution  network.  This  is  due  to  the  ability  of  each  node 
connected  to  the  network  to  find  another  reference  after  the  loss  of 
a  reference.  An  analysis  was  carried  out  based  on  the  expected  time 
between  bit  slips  in  selected  subnetwork  configurations  that  supports 
this  statement.  The  TRD  approach  which  includes  the  adaptive 
timing  distribution  feature  was  therefore  considered  the  most  surviv- 
able  approach. 


Error  Propagation 

It  is  highly  desirable  to  prevent  perturbation  in  the  frequency  of 
one  nodal  clock  from  propagating  and  influencing  the  frequency  of 
nodal  clocks  in  other  parts  of  the  network.  By  minimizing  such  per¬ 
turbations  of  nodal  clocks,  one  maximizes  the  stability  of  each  nodal 
clock  and  minimizes  the  probability  of  a  bit  slip. 


The  degree  of  error  propagation  for  several  types  of  disturbances 
was  evaluated  for  each  of  the  disciplined  timing  techniques.  Four 
types  of  disturbances  were  evaluated  These  were  a  link  dropout,  a 
step  change  in  nominal  VCO  frequency,  a  step  change  in  path  delay, 
and  sinusoidal  path-delay  variations.  The  disturbances  were  applied 
at  one  point  in  a  network  and  the  effect  on  other  nodal  frequencies 
was  measured  as  a  function  of  distance  (in  number  of  nodes)  from 
the  disturbance.  The  results  ate  summarized  in  Tables  6.  /,  8.  and  9. 


Table  6.  Error  Propagation  Due  to  a  0.65  (is  Step 
Change  in  Path  Delay 

Distance  Peak  A  f  fo 


1  NchIcnI 

M  .isler-Slave 

Mutual  Sync 

TRD 

1 

d  V  10-*° 

10-1° 

- 

; 

10- 10 

3  x  I0'1 1 

3 

Ox  i  u '  *  * 

2.5  x  io-1  1 

- 

4 

4  x  10'11 

2.5  x  I0'1 1 

Table  7.  Error  Propagation  Due  to  a  Sinusoidal  Path  Delay 
Variation  on  All  Links  With  a  Magnitude  of  0.65  /is 
Peak-to-Peak  and  a  Period  of  1  Day 

Distance  Peak  Af/fo 


(Nodes) 

Master-Slave 

Mutual  Sync 

1 

2  5  x  I0_l  1 

1.4  x  I0'10 

: 

5  x  I0'1  1 

i  .4  x  ur10 

7  X  1  if  1  1 

1  4  X  10*10 

4 

o  x  irr1 1 

1  4  x  I0'10 

Table  8.  Error  Propagation  Due  to  a  Link  Outage 

Distance  Peak  Af/fo 


(Nodes) 

Master-Slave 

Mutual-Sync 

TRD 

1 

1.7  x  I0'10 

4.5  x  I0~9 

6.5  x  10- 

-> 

6.5  x  10"11 

8  x  !0'10 

6.5  x  10- 

3 

4.5  x  10"11 

4  x  I0'10 

6.5  x  I0~ 

4 

4  x  10"11 

4  x  10'10 

6.5  x  10" 

Table  9.  Error  Propagation  Due  to  a  Fractional  Frequency 
Step  of  10"®  in  Nominal  VCO  Center  Frequency 


Distance  PeakAf/fo 


(Nodes) 

Master-Slave 

Mutual-Sync 

TRD 

1 

8  x  I0"10 

1 .4  x  1 0~9 

8  x  I0']0 

s 

6.5  x  10'1 1 

5  x  lO"10 

8  x  lO’10 

3 

1.3  x  10"1 1 

5  x  10~10 

8  x  10'10 

4 

1.3  x  10'1 1 

5  x  10"10 

8  x  lO'10 

Compatibility  With  Other  Global  Timing  Sources 

Compatibility  with  other  global  timing  sources  was  judged  signif¬ 
icant  since  this  would  result  in  greater  redundancy  for  the  timing 
function  at  each  node. 

Two  points  were  considered  when  the  alternative  techniques 
weTe  evaluated.  First,  did  any  of  the  techniques  lend  itself  to  an 
easier  hardware  implementation  to  achieve  this  compatibility '  The 
conclusion  was  that  all  the  techniques  required  essentially  the  same 
hardware.  Second,  would  any  of  the  techniques  result  in  a  smoother 
transition  to  the  external  timing  source?  (In  this  case,  the  term 
"smoother  transition"  refers  to  a  minimum  phase-frequency  transient 
at  the  node  transferring  to  the  external  source  and  in  the  network  as 
a  whole.)  The  conclusion  here  was  that  the  TRD  technique  offers 
the  potential  for  a  smoother  transition  because  of  the  likelihood  that 
if  the  technique  were  implemented,  both  external  and  internal  timing 
would  be  referenced  to  a  common  time  standard  such  as  IK'. 

Precise  Time  Availability 

If  tile  master  clock  in  the  TRD  system  is  referenced  to  a  precise 
time  slandard  such  as  UTC.  the  double-ended  feature  of  the  TRD 
approach  provides  the  availability  of  precise  time  at  each  of  the  net¬ 
work  nodes.  This  feature  cannot  be  provided  by  any  of  the  other 
techniques.  Hie  potential  benefits  for  the  sy  nchronization  sub¬ 
system  are  principally  in  the  areas  of  compatibility  and  interopera¬ 
bility.  There  are.  however,  potential  benefits  completely  divorced 
from  the  network  timing  function.  These  depend  on  the  number  ol 
potential  users  of  precise  tune  that  will  be  able  to  obtain  it  Horn  the 
network  nodes.  We  have  not  had  the  time  to  gauge  this  ancillary 
he  lie  fit. 

Stability 

Network  stability  in  the  control  system  sense  is  unconditionally 
assured  in  both  the  independent  clocks  and  master-slave  techniques. 

In  the  TRD  approach,  the  only  potential  problem  is  bit  errors  in  the 
information  flow  required  for  adaptive  reorganization.  Such  errors 
could  lead  to  portions  of  the  network  being  configured  as  mutual 
synchronization  subnetworks.  This  problem  can.  however,  he  avoided 
hv  the  use  of  error  correc  ting  coding  which  essentially  can  reduce  the 
probability  of  an  error  to  an  acceptable  level.  Because  the  required 
information  rates  are  low,  this  is  a  very  plausible  solution 
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As  noted  above,  the  stability  of  the  mutual  synchronization 
subsystem  does  present  more  stnngent  requirements.  Stability  can 
be  ensured,  however,  by  diligent  loop  gain  control  at  each  node. 

Monitorability 

The  monitoring  of  the  timing  subsystem  performance  at  a  partic¬ 
ular  node  can  be  accomplished  equally  well  by  any  of  the  alternative  ' 
techniques.  The  TRD  technique,  however,  provides  information  not 
only  of  performance  at  the  local  node,  but  of  performance  at  both 
the  adjacent  nodes  and  the  network  as  a  whole.  What  can  be  achieved 
is  the  identification  of  potential  problems  before  they  become  serious 
problems.  The  information  that  is  used  is  that  present  at  the  local 
node  as  a  result  of  the  double-ended  feature,  the  adaptive  reorganiza¬ 
tion  feature,  and  the  separation  of  error  correction  and  error  measure¬ 
ment  feature. 


Susceptibility 

The  independent  clocks  technique  is  the  only  technique  that  is 
not  susceptible  to  jamming  or  electronic  countermeasures.  This  is 
true  since  it  is  the  only  technique  that  does  not  depend  on  informa¬ 
tion  transfer  between  nodes  for  operation. 

The  three  disciplined  techniques  follow  in  increasing  suscepti¬ 
bility  as  follows:  TRD,  master-slave,  mutual-sync.  This  ordering  is 
based  on  the  degree  to  which  the  effects  of  a  jammer,  operating  on 
a  single  node,  will  be  felt  throughout  the  network. 


Flexibility 

The  only  technique  that  may  present  an  inherent  problem  with 
respect  to  growth  and  change  in  the  network  is  the  mutual- 
synchronization  technique.  Here,  as  discussed  earlier,  as  nodes  drop 
out  or  are  added  to  the  network,  permanent  changes  occur  in  the 
network  frequency. 


Interoperability 

Interoperability  is  concerned  with  the  interfaces  between  the 
network  and  other  communications  systems.  Considering  the  timing 
subsystem  functions  only,  interoperability  is  enhanced  if  the  phase/ 
frequency  offset  between  systems  is  minimized.  This  means  less 
buffering  and,  therefore,  less  delay  or  concurrently  lower  probability 
of  a  bit  slip  for  a  fixed  amount  of  buffering. 

Following  the  same  line  of  reasoning  as  that  presented  in  the 
discussion  on  compatibility,  the  TRD  approach  offers  potential 
benefits.  Again,  those  potential  benefits  result  only  if  a  common 
timing  reference  exists  for  all  networks. 


Availability 

Conclusions  about  availability  of  the  timing  function  from 
technique  to  technique  are  difficult  to  quantify.  This  is  true  since 
availability  can  be  built  into  any  of  the  techniques  by  the  addition 
of  on-line  sparing  and  greater  redundancy. 

However,  it  has  been  concluded  that  the  heirarchial  disciplined 
techniques  do  provide  redundancy  in  highly  connected  networks. 
Also,  it  has  been  concluded  that  the  TRD  approach  should  have 
some  availability  benefits  due  to  greater  monitorability;  and  finally, 
that  the  independent  clocks  technique  would  require  minimum 
sparing  based  on  the  lowest  piece  parts  count. 


Conclusions 

The  results  of  both  the  analysis  and  simulation  efforts  indicate 
that  time  reference  distribution  is  the  technique  that  provides  the 
greatest  overall  utility.  The  TRD  technique  ranked  higher  in  a  major¬ 
ity  of  the  desirable  characteristics.  The  simulation  indicated  that 
TRD  could  maintain  closer  frequency  coordination  between  nodal 
clocks  in  the  face  of  both  stress  and  normal  operating  conditions. 

The  advantages  of  the  TRD  approach  result  from  its  key  properties 
such  as  double  endedness,  adaptive  reorganization,  separation  of 
error  correction  and  error  measurement,  and  provision  of  precise 
time.  It  is  worth  noting  that  ail  of  these  features  require  an  over¬ 
head  link  capability,  so  there  is  a  price  to  pay  for  this  improved  per¬ 
formance.  In  fact,  the  benefits  of  TRD  that  are  highlighted  at  a 
highly  connected,  high-bit  rate,  “major  node"  are  not  as  significant 
at  a  limited  connected,  low-bit  rate,  “minor  node."  Furthermore,  at 
a  minor  node,  the  overhead  channel  required  for  TRD  would  repre¬ 
sent  a  larger  percentage  of  the  data  traffic.  Therefore,  the  conclusion 
reached  is  that  in  a  worldwide  military  digital  network,  the  TRD 
technique  is  the  appropriate  timing  alternative  at  the  major  nodes 
and  that  the  master-slave  technique  (which  does  not  provide  the 
additional  capability,  does  not  require  an  overhead  link,  and  is  com¬ 
patible  with  TRD)  is  the  appropriate  alternative  at  the  minor  nodes. 
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1,  Summary 

This  paper  examines  the  synchronization  requirements  inherent 
in  the  control  of  switching  and  multiplexing  functions  in  a  network  of 
digital  time  division  switches  interconnected  by  terrestrial  transmission 
facilities.  Specifically,  two  aspects  of  network  synchronization  will  be 
described.  The  first  relates  to  the  problem  of  maintaining  an  accurate 
and  stable  clock  at  each  switching  node  in  the  network  so  as  to  provide 
for  the  synchronous  switching  of  digitized  voice  and  data;  the  second 
is  concerned  with  establishing  and  maintaining  master  frame  synchron- 
ixation  in  the  digital  trunk  groups  interconnecting  the  switches.  Al¬ 
though  we  will  primarily  be  concerned  with  a  military  environment  in 
which  both  virtual  circuit  switching  and  packet  switching  are  provided 
by  an  integrated  switching  system,  many  of  the  ideas  expressed  are 
applicable  to  both  military  and  non-military  networks  providing  only 
virtual  circuit  switched  service. 

2.  Introduction 

Digital  transmission  and  switching  techniques  are  now  well  estab¬ 
lished  and  promise  to  be  more  prevalent  in  the  future.  There  are  al¬ 
ready  either  existing  or  planned  commercial  digital  switching  and  long- 
haul  transmission  systems  in  the  U.S.,  Canada.  Japan,  England  and 
France.1'5  In  addition,  the  DoD  is  planning  AUTOSEVOCOM  II.  a 
worldwide  secure  digital  switching  system  which  is  scheduled  for 
initial  service  around  the  1980  time  frame.6  An  important  character¬ 
istic  of  the  above-mentioned  systems  is  that  they  permit  the  sharing 
of  transmission  and  multiplexing  facilities  by  both  digitized  voice  ant! 
data.  It  has  been  established  that  integrated  transmission  is  more 
economical  than  separate  transmission  facilities.  Recent  studies7’6 
have  demonstrated  that  even  greater  economies  can  be  obtained  by 
integrating  the  switching  function  as  well.  Utilization  of  trunk  groups 
is  between  50  and  70  percent  in  a  conventional  virtual  circuit  switch 
engineered  for  0.01  grade  of  service.  Thus,  approximately  30  to  50 
percent  of  costly  transmission  capacity  is  unused  in  a  conventional 
switch.  However,  when  integrating  both  the  circuit  and  packet 
switching  functions,  trunk  utilization  can  exceed  90  percent.  There¬ 
fore,  considering  the  growth  of  data  forecasted  for  the  1980’s  and  be¬ 
yond,  it  can  be  expected  that  totally  integrated  switching  networks  may 
be  required  as  early  as  1985. 

To  provide  the  necessary  timing  for  such  a  network  a  synchron¬ 
ization  scheme  is  required  which  meets  the  desired  performance 
criteria,  is  cost-effective,  and  exhibits  other  key  advantages  such  as 
reliability,  survivability,  modest  complexity,  maintainability,  and 
interoperability  with  other  systems.  In  this  paper,  both  network 
timing  and  frame  synchronization  are  examined  with  respect  to  these 
criteria. 

3.  Integrated  Voice/Data  Switching  Concept 

The  network  considered  in  this  discussion  consists  of  digital 
switches  carrying  voice  and  data  integrated  together  in  two  classes:  one 
class  emulating  circuit  switching  concepts  and  the  other  packet  switching 
concepts.  The  master  frame  structure  employed  by  these  integrated 
digital  switches  (IDS)  is  shown  in  Figure  1. 

As  shown  in  this  figure,  the  IDS  concept9'9  is  based  upon  the 
partitioning  of  transmission  capacity  into  constant  period  self¬ 
synchronizing  master  frames.  The  self-synchronizing  capability  is 
realized  by  a  start-of-frame  marker  (SOF)  which  indicates  the  beginning 
of  each  master  frame.  Following  the  marker,  the  remainder  of  the 
matter  frame  is  divided  into  two  parts:  a  Class  I  region  and  a  Gass  II 
region.  The  Class  I  region  contains  those  types  of  traffic  normally 
associated  with  circuit-switching  (e.g.,  digitized  voice,  facsimile,  and 


low-speed  video),  while  the  Class  II  region  incorporates  traffic  asso¬ 
ciated  with  packet  or  message  switching  (e.g.,  narrative  record,  inter¬ 
active,  query /response,  data  base  update,  and  non-sensor  bulk  data). 


In  the  Class  I  region,  channel  connections  are  allocated  and  main¬ 
tained  in  accordance  with  link  maps  at  each  end  of  the  link.  Changes  in 
these  link  maps  are  coordinated  by  common  channel  interswitch  signaling 
(CC1S)  messages.  Gass  11  data  is  handled  as  packets  and  is  dynamically 
allocated  as  a  function  of  the  available  space  in  each  master  frame.  All 
CC1S  messages  required  to  initiate,  allocate,  coordinate,  and  terminate 
Gass  I  calls  are  themselves  treated  as  Class  II  data. 

The  typical  IDS  master  frame  shown  in  Figure  1  is  based  on  a  10 
msec  period  and  a  230.4  kb/s  transmission  rate.  Each  of  the  wedges  in 
the  Class  I  region  represents  the  bits  associated  with  one  call  For 
example,  a  16  kb/s  voice  call  is  handled  by  reserving  1 60  bits  in  each 
master  frame  for  the  duration  of  the  call.  If  the  call  lasts  five  minutes, 
then  160  bits  are  reserved  for  30,000  master  frames.  The  Class  II  region 
of  packet-switched  transmissions  is  shown  in  this  specific  case  carrying 
one  CCIS  message  and  two  data  packets.  These  could  be  of  different 
sizes  and  ordered  by  precedence.  The  end  of  a  master  frame  is  marked 
by  the  SOF  marker  of  the  next  subsequent  master  frame. 

Within  the  Class  I  region,  call  location  reflects  primarily  the  age  of 
the  call.  The  closer  a  given  call  is  found  to  the  SOF  marker,  the  older 
in  general  that  call  is.  As  calls  are  terminated,  the  Class  I  region  is 
compacted  and  everything  moves  up.  including  the  Gass  I/CJass  II 
boundary.  This  shrinking  of  the  Gass  I  region  causes  the  Gass  II  region 
to  expand,  thereby  allowing  more  data  packets  to  be  transmitted.  In 
this  way.  the  regions  react  dynamically  to  changes  in  one  another,  re¬ 
sulting  in  a  maximization  of  the  throughput. 

4.  Network  Synchronization 

The  problem  being  considered  is  to  define  the  means  by  which  the 
IDS  network  synchronizes  switching  and  multiplexing  functions  so  that 
all  data  which  is  received  at  a  node  from  a  connected  node  and  is  to  be 


(ransmitted  to  a  connected  node,  is  delivered  to  the  proper  destination, 
in  the  proper  sequence,  and  without  the  addition  of  extraneous  bits. 
There  are  two  aspects  to  the  overall  network  synchronization  problem, 
internode  and  intranode  synchronization.  The  former  includes  net¬ 
work  timing  and  master  frame  synchronization  on  a  link-by-link  basis. 
The  latter  concerns  master  frame  alignment  and  coordination  at  each 
node.  Mainten.  nee  of  network  timing  in  the  IDS  network  constitutes 
the  same  problem  it  does  in  any  digital  network  and  is  discussed  in 
Section  4.2.  Frame  Synchronization  is  examined  in  Section  4.3. 

Frame  alignment  and  coordination  for  IDSs  is  somewhat  more  compli¬ 
cated  than  in  a  convention  TDM/digital  switch  due  to  the  dynamic 
nature  of  the  IDS  master  frame.  This  problem  is  considered  in 
Section  4.4.  Throughout  this  discussion,  it  will  be  assumed  that  all 
links  connecting  nodes  transmit  at  the  same  data  rate  and  possess  the 
same  master  frame  period. 

Before  examining  the  two  aspects  of  network  synchronization  dis¬ 
cussed  above,  we  will  consider  the  two  basic  problems  with  which  all 
synchronization  plans  must  contend:  nodal  clock  frequency  drift  and 
transmission  delay  variations. 


4. 1  Frequency  Drift  and  Transmission  Delay 


Two  types  of  clocks  are  primarily  used  in  digital  networks, 
crystal  clocks  and  atomic  clocks.  Figure  2  illustrates  typical  character¬ 
istics  for  commercially  available  clocks.10'"  a  y  fr).  the  square  root  of 
the  Allan  Variance11 ,  provides  an  invariant  measure  of  the  short-term 
stability  of  an  oscillator.  It  also  characterizes  the  long-term  stability  as 
long  as  y  ft)  is  assumed  stationary  over  the  longer  averaging  period. 
Here  we  ssume  that  a  y  -  (r)  is  valid  at  least  for  r  less  than  orequal 
to  a  year 
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Figure  2.  Typical  High  Precision  Clock  Performance 


For  the  purposes  of  network  timing,  it  is  sufficient  to  consider 
only  the  long-term  stability  of  the  clocks.  Thus,  the  stability  of  a  com¬ 
mercial  crystal  clock  may  vary,  depending  on  cost,  between  lO"6  and 
I  (HO;  the  stability  of  a  commercial  atomic  clock  is  on  the  order  of 
10-12.  Because  of  the  greater  stability  of  atomic  clocks,  they  are 
usually  used  as  the  master  dock(s)  within  a  network.  Crystal  clocks 
are  usually  used  for  backup  purposes  or  as  nodal  clocks  (possibly 
phase  locked  to  a  master)  at  lower  level  nodes.  Because  all  clocks  ex¬ 
hibit  frequency  drift,  network  timing  is  usually  recalibrated  once  or 
twice  a  year  against  a  primary  standard. 


Transmission  delay  variations  also  cause  timing  problems;  however, 
their  effects  manifest  differently  than  do  the  effects  of  nodal  clock 
variations.  To  see  this,  consider  two  interconnected  and  independently 
timed  nodes  A  and  B.  If  the  transmission  delay  between  A  and  B  in¬ 
creases  (decreases)  in  both  directions,  then  more  (less)  bits  are  stored  in 


the  link,  and  the  receiver  buffers  at  each  end  of  the  link  will  empty  (fill) 
simultaneously.  On  the  other  hand,  if  the  nodal  clock  at  A  is  faster 
(slower)  than  the  nodal  clock  at  B,  then  the  buffer  at  A  will  empty  (fill), 
while  the  buffer  at  B  will  fill  (empty).  It  should  be  noted  that  by  com¬ 
paring  buffer  changes  at  both  ends  of  a  link,  it  should  be  possible  to 
determine  whether  buffer  changes  are  due  to  clock  or  transmission  delay 
variations. 


Fstimates11  of  transmission  delay  variations  for  coaxial  cable  and 
microwave  radio  are  as  follows: 

a.  Coaxial  Cable 

1 .  The  dominant  cause  of  delay  variations  is  linear  expan¬ 
sion  caused  by  temperature  change. 

2.  Changes  in  transmission  delay  occur  slowly. 

3.  For  a  path  length  of  3000  miles  and  a  transmission  rate 
of  1.S44  Mb/s,  the  change  in  the  number  of  bits  stored 
in  a  cable  due  to  a  22°C  temperature  change  is  approx¬ 
imately  1 0  bits. 

b.  Microwave  Radio 

1.  Delay  variations  are  due  to  changes  in  temperature, 
pressure,  humidity  and  probably  rain. 

2.  Rapid  and  long-term  delay  variations  are  possible. 

3.  Average  variations  in  link  bit  storage  for  a  1 .544  Mb/s 
transmission  rate  are  ( 1 )  daily.  0.49  bits;  (2)  monthly. 
2.5  bits;  (3)  Yearly.  7.4  bits. 


4.2  Network  Timing 

It  is  not  possible  to  have  all  nodes  within  a  network  in  perfect 
synchronism.  Consequently,  any  data  received  at  a  node  from  a  con 
nected  node  must  be  brought  into  synchronism  with  the  local  clock 
There  are  two  primary  methods  for  performing  this  internode  synch¬ 
ronization: 


a.  A  synchronous  or  clocked  approach  where  each  nodal  clock 
is  controlled  so  that  all  clocks  maintain  the  same  average 
frequency 

b.  An  asynchronous  or  unclocked  approach  where  all  nodal 
clocks  are  independent,  extremely  stable  and  five  running, 
and  buffers  are  used  to  absorb  frequency  errors. 


The  four  major  internode  synchronization  methods1*'1*  are 


a.  Independent  Clocks 

b.  Bit  Stuffing  : 

c.  Master/Slave 

d.  Frequency  Averaging. 


Asynchronous  Clocks 
Synchronous  Clocks 


Included  within  these  four  methods  are  numerous  variations  such 
as  the  modified  (or  hierarchical)  master/slave,  external  time  reference, 
and  the  time  reference  distribution  systems.  In  general,  the  choioe  of 
an  ‘optimum’  scheme  would  depend  on  evaluation  criteria  (network 
objectives)  and  the  network  topology  being  considered.  Table  1  illus¬ 
trates  the  authors’  attempt  to  objectively  rate  the  major  network  timing 
schemes  with  respect  to  five  categories.  Implementation  cost  denotes 
both  hardware  and  software  development  costs.  This  criterion  is  used 
because  many  timing  schemes  require  software  for  the  nodal  timing 
unit  controller  and  because  the  basic  hardware  costs  do  not  vary  con¬ 
siderably  between  the  alternatives  relative  to  total  network  costs. 
Reliability/availability  includes  both  equipment  failure  rates  and  the 
impact  of  the  environment;  for  example,  bit  stuffing  codeword  errors 
can  result  in  loss  of  bit  count  integrity  (slips)  in  the  affected  channels. 
Survivability  reflects  the  impact  of  the  loss  of  nodes  or  links.  Both  the 
reliability  and  survivability  categories  in  Table  1  do  not  consider  the 
inclusion  of  backup  systems.  Monitoring/maintainability  considers  the 
complexity  of  the  hardware  and  the  performance  assessment  informa¬ 
tion  that  can  be  derived  from  the  timing  system,  while  service  contin¬ 
uity  reflects  the  frequency  with  which  network  users  can  expect  slips. 

Thus  for  any  given  application,  the  network  designer  would  have 
to  weigh  each  of  the  five  categories  to  reflect  his  requirements,  and 
possibly  consider  other  criteria  should  these  be  insufficient. 
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Table  1 .  Relative  Comparison  of  Bit  Synchronization  Schemes 


The  IDS  is  being  considered  for  application  within  the  future 
military  environment.  Within  this  framework,  the  network  model 
used  for  evaluation  of  the  IDS  is  a  two-level  hierarchical  configuration 
with  ten  tandem  nodes,  highly  interconnected,  and  fifty  regional  or 
access  nodes  (five  per  tandem  node),  each  feeding  one  tandem  node. 
This  model  is  derived  from  the  current  thinking  of  the  Defense  Com¬ 
munications  Agency  with  respect  to  the  evolution  of  the  Defense 
Communications  System  16  toward  a  structure  which  provides  inte¬ 
grated  voice  and  data  in  a  common-user  network.  Thus,  network 
timing  in  the  IDS  network  could  be  accomplished  by  any  of  the  major 
timing  schemes  with  the  probable  exception  of  bit  stuffing;  this  is  due 
to  the  variable  channel  rates  being  processed  and  the  fact  that  the 
switching  is  performed  by  software. 

Based  on  an  analysis  of  the  requirements  of  the  military  communi¬ 
cations  and  the  postulated  network  structure  with  respect  to  Table  I , 
the  modified  master/slave  technique  was  selected  as  the  preferred 
scheme  for  use  with  IDS  switches.  In  this  approach,  each  tandem  node 
in  the  network  would  serve  as  a  local  master  for  all  regional  nodes 
(slaves)  to  which  it  is  directly  connected;  thus,  each  local  master  and 
its  connected  slaves  would  form,  in  effect,  an  independent  subnetwork. 
For  the  particular  configuration  described  (i.e. ,  1 0  tandem  nodes  and 
50  regional  nodes),  the  network  would  comprise  10  subnetworks  with 
each  subnetwork  containing  5  slave  nodes.  A  typical  network  con¬ 
figuration  is  illustrated  in  Figure  3.  Observe  that  all  subnetworks  are 
interconnected  at  both  the  local  master  and  slave  levels.  It  is  assumed 
that  each  subnetwork  would  be  defined  by  geographical  as  well  as 
traffic  considerations. 


Figure  3.  Typical  Network  Configuration 


There  are  three  alternatives  for  synchronizing  the  local  masters, 
frequency  averaging,  a  master/slave  arrangement,  or  independent 
atomic  clocks.  The  first  two  approaches  would  result  in  an  overall 
synchronous  network.  The  independent  clock  approach  would  result 
in  asynchronous  operation  between  subnetworks  and  as  previously 
mentioned,  synchronous  operation  within  a  subnetwork.  Again,  con¬ 
sideration  of  the  assumed  network  structure,  specifically  the  fact  that 
the  tandem  nodes  are  fully  interconnected,  reduces  the  selection  to 
frequency  averaging  and  the  master/slave  approach.  This  follows, 
since  for  the  given  network  configifation  independent  atomic  clocks 


would  not  be  significantly  more  survivable  than  either  of  the  other 
two  approaches,  and  would  definitely  be  higher  priced.  Note  that 
even  if  the  tandem  nodes  are  not  fully  interconnected  in  an  actual 
implementation,  the  degree  of  connectivity  is  likely  to  be  sufficiently 
high  to  make  the  elimination  of  the  independent  clock  approach 
justifiable.  An  additional  consideration  is  the  fact  that  future  com¬ 
munications  will  likely  see  a  greater  and  greater  use  of  end-to-end 
encryption,  making  asynchronous  techniques  less  and  less  attractive. 

The  choice  between  the  master/slave  approach  and  frequency  averaging 
is  not  so  clear.  It  would  appear,  however,  that  the  advanced  state-of- 
the-art  in  master/slave  techniques  and  the  numerous  stability  problems 
inherent  in  frequency  averaging  makes  the  former  the  practical  approach. 
For  this  reason,  the  master/slave  technique  is  the  approach  that  was 
selected  to  synchronize  master  nodes  in  the  IDS  design. 

The  operation  of  the  chosen  timing  scheme  will  be  illustrated 
with  respect  to  Figure  3.  In  accordance  with  the  chosen  synchroni¬ 
zation  plan,  a  particular  tandem  node  is  designated  master  node  for 
subnetwork  6.  That  is,  during  normal  operation,  all  other  tandem 
nodes  slave  their  timing  to  this  node.  Because  the  tandem  nodes  are 
fully  interconnected,  any  tandem  node  could  be  chosen  for  this  pur¬ 
pose.  It  is  assumed  for  illustrative  purposes  that  Tj  (in  Figure  3)  is 
designated  master.  It  should  be  realized  though  that  T5  serves  as 
master  not  only  for  the  other  tandem  nodes/local  masters  but  also  for 
all  regional  nodes  (slaves)  via  the  three  level  hierarchy  which  results 
from  the  modified  master/slave  implementation.  As  a  practical  means 
of  implementing  this  master/standby  master  arrangement,  it  will  simply 
be  necessary  to  assign  a  slaving  precedence  to  the  tandem  nodes.  The 
master  would  be  assigned  the  highest  precedence  n  (where  n  is  the 
number  of  tandem  nodes)  and  the  standby  masters  successively  lower 
precedences  (n-1,  n-2.  n-3,  — ,  1)  as  determined  in  an  appropriate 
manner.  Then,  at  any  tandem  node  which  is  slaving  its  timing,  the 
nodal  clock  would  slave  to  the  link  which  has  the  highest  precedence 
level  and  from  which  proper  timing  signals  are  being  received. 

As  presently  described,  the  network  is  extremely  vulnerable  to 
loss  of  the  master.  In  fact,  in  order  to  avoid  frequent  link  buffer 
overflow/underflow  in  this  event,  it  would  be  necessary  to  equip  all 
nodes  with  either  very  stable  clocks,  large  link  buffers,  or  an  appro¬ 
priate  combination  of  the  two.  As  a  means  of  avoiding  this  necessity 
and  to  greatly  improve  survivability,  at  least  one  other  tandem  node 
will  be  capable  of  assuming  the  master  role.  It  would  be  possible  to 
have  all  tandems  so  equipped;  however,  the  actual  number  of  standby 
masters  used  would  be  determined  from  the  degree  of  survivability 
desired,  the  accuracy  of  the  nodal  clocks,  and  the  size  of  the  link  buf¬ 
fers.  It  is  also  possible  for  only  part  of  the  timing  tree  to  reconfigure. 

For  example,  if  the  link  carrying  timing  signals  from  T5  to  Tr  were  to 
fail,  then  T-  would  automatically  slave  to  T|,  assuming  it  is  the  node 
with  the  second  highest  precedence  level.  Timing  in  subnetworks  1 . 3. 

4  and  5  would  be  unaffected  by  this  partial  reconfiguration. 

In  the  IDS  network,  status  information  concerning  the  various 
nodal  timing  supplies  would  be  exchanged  between  switches  in  the 
form  of  CC1S  messa  is.  Additionally,  the  precedences  of  the  tandem 
nodes  could  be  periodically  changed  for  increased  security  and  sur¬ 
vivability,  Again,  CC1S  messages  could  be  used  to  accomplish  this 
since,  in  the  military  environment,  all  interswitch  trunk  groups  will  be 
bulk  encrypted. 

Figure  4  is  an  example  of  the  design  of  the  timing  unit  which 
could  be  employed  at  a  tandem  node.  The  slave  node  timing  unit  is 
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Figure  4.  IDS  Timing  Unit  -  Master  and  Standby  Master  Configuration 


450 


essentially  equivalent  except  that  it  uses  two  phase  locked  loops  in¬ 
stead  of  the  atomic  clock  and  single  phase  locked  loop  used  at  master/ 
stand-by  master  locations.  Redundant  clocks  at  each  node  and  mul¬ 
tiple  atomic  clocks  are  specified  to  meet  the  stringent  availability/ 
survivability  requirements  inherent  in  a  military  environment. 

In  order  to  provide  for  communications  within  or  between  sub¬ 
networks  which  for  one  reason  or  another  are  unable  to  operate  in  a 
slaved  node,  all  nodal  clocks  will  be  capable  of  free-running.  The 
required  stability  of  the  nodal  clocks  in  the  free-running  mode  is  a 
function  of  the  size  of  the  link  buffers.  During  normal  operations, 
the  link  buffers  at  each  node  should  maintain  a  long-term  average  fill 
of  one-half.  Short-term  variations  from  this  value  are  to  be  expected 
due  primarily  to  jitter  introduced  by  repeaters,  transmission  delay 
variations,  and  tracking  inaccuracies  in  the  phase  locked  loops.  Major 
excursions  from  the  half-way  point  would  arise  when  a  nodal  clock  is 
free-running  or  the  phase  locked  loop  is  acquiring  lock  following  an 
outage  or  possibly  a  switch  from  the  network  master  to  a  standby 
master.  The  link  buffers  must  be  sufficiently  large  to  absorb  the  maxi¬ 
mum  bit  slippage  to  be  expected  during  the  two  types  of  events.  The 
more  severe  of  the  two  events  is  the  case  of  the  free-running  oscillator 
and  the  link  buffers  will  be  designed  for  this  eventuality. 

Based  on  the  typical  stabilities  of  commercially  available  clocks, 
as  shown  in  Figure  2,  the  buffering  required  to  compensate  for  nodal 
clock  drift  in  the  free  running  mode  is  shown  in  Figure  5.  For  the  IDS 
design,  a  buffer  length  of  256  bits  was  chosen.  Including  the  effects  of 
transmission  delay  variations  as  described  in  Section  4. 1 ,  this  permits 
a  free  running  capability  at  all  nodes  of  approximately  a  day. 


Figure  5.  DAX  Buffer  Requirements 


4.3  Master  Frame  Synchronization 

In  each  master  frame,  the  location  of  each  virtual  circuit  switched 
connection  is  only  known  relative  to  the  starting  position  of  the  mas¬ 
ter  frame.  Therefore,  before  Gass  I  information  can  be  transmitted 
over  an  inter-IDS  link,  master  frame  synchronization  must  be  establish¬ 
ed  and  maintained.  The  method  by  which  the  IDS  accomplishes  this 
type  of  synchronization  is  the  subject  of  this  section.  It  is  assumed 
that  network  timing  as  described  in  the  previous  section  has  already 
been  achieved. 

Those  portions  of  a  IDS  concerned  with  frame  synchronization 
are  shown  in  Figure  6.  The  frame  maintenance  unit  (FMU)  is  the 
hardware  which  realizes  the  chosen  synchronization  procedures  under 
software  control.  An  FMU  is  associated  with  each  full-duplex  inter- 
IDS  link  and  performs  two  basic  functions.  It  maintains  synchroni¬ 
zation  in  the  receive  direction  and  assists  its  companion  FMU  at  the 
remote  switch  in  maintaining  synchronization  in  its  receive  direction. 


In  order  to  accomplish  these  functions,  three  start-of-frame  markers 


Figure  6.  Frame  Synchronization  Equipment 


SOF-1 :  In-sync  pattern.  When  transmitted  from  IDS  1  to  IDS 
2  (see  Figure  6),  it  provides  a  synchronization  pattern 
for  IDS  2  and  informs  IDS  2  that  IDS  1  is  in-sync  in  its 
receive  direction. 

SOF-2:  Request-for-frame  pattern.  When  transmitted  from 
IDS  1  to  IDS  2,  it  provides  a  synchronization  pattern 
for  IDS  2  and  informs  IDS  2  that  IDS  1  is  out-of-sync 
in  its  received  direction. 

SOF-3:  Out-of-sync  pattern.  When  transmitted  from  IDS  1  to 
IDS  2,  it  permits  IDS  2  to  resynchronize  within  a 
small  number  of  frames. 

At  this  point,  it  is  tentatively  assumed  that  SOF-1  and  SOF-2  are  short 
sequences  on  the  order  of  16  bits  and  that  SOF-3  is  a  much  longer 
sequence.  The  exact  length  of  the  SOFs  required  to  achieve  adequate 
performance  is  determined  subsequently. 

The  FMU  has  two  operational  states  or  modes:  a  frame  main¬ 
tenance  mode  and  a  frame  acquisition  mode.  When  operating  in  the 
frame  maintenance  mode,  the  FMU  assumes  that  the  link  is  in-sync 
and  monitors  for  loss  of  this  condition.  To  ensure  that  the  FMU  per¬ 
forms  satisfactorily  in  this  mode,  the  algorithm  by  which  it  chooses 
between  in-sync  and  out-of-sync  must  be  such  as  to  simultaneously 
minimize  the  following  probabilities. 

a.  Prob  (false  out-of-sync  alarm),  PpoA:  this  denotes  the 
probability  of  the  FMU  indicating  out-of-sync  when  in 
fact  the  link  is  in-sync 

b.  Prob  (loss-of-syne  miss),  Plm:  this  denotes  the  probability 
of  the  FMU  indicating  in-sync  when  in  fact  the  link  is 
out-of-sync. 

In  the  frame  acquisition  mode,  the  FMU  assumes  an  out-of-sync 
condition  and  scans  the  input  for  a  valid  SOF.  This  portion  of  the 
acquisition  mode  is  refen  ed  to  as  the  search  phase.  Once  the  FMU 
locates  what  is  believed  to  be  the  valid  synchronization  position,  it 
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terminates  the  search  phase  and  enters  the  check  phase.  During  this 
next  phase,  the  FMU  attempts  to  verify  that  the  assumed  synchroniza¬ 
tion  position  is  in  fact  the  true  synchronization  position.  If  the  check 
phase  indicates  that  the  assumed  position  is  incorrect,  the  FMU  returns 
to  the  search  phase;  otherwise,  the  I  MU  assumes  that  resynchroniza¬ 
tion  has  been  achieved  and  returns  to  the  maintenance  mode.  A 
measure  of  the  performance  of  the  FMU  in  the  acquisition  mode  is  the 
Prob  (false  in-sync  alarm)  of  Ppj^.  This  is  the  probability  that  acqui¬ 
sition  mode  leeks  on  to  a  position  which  is  not  the  true  synchroniza¬ 
tion  position.  The  acquisition  mode  must  be  designed  to  make  this 
probability  negligible.  Another  factor  of  interest  in  the  acquisition 
mode  is  the  average  time  to  acquire  synchronization,  <u>.  This 
quantity  denotes  the  average  number  of  bits  required  to  lock  on  to  the 
correct  synchronization  position  and  excludes  the  check  phase  when 
the  correct  synchronization  position  is  found.  Since  on  the  average, 
the  FMU  must  check  half  the  frame  before  reaching  the  transmitted 
SOF,  <u>  is  lower  bounded  by  one-half  frame. 

4.3.1  SOF  Bit  Pattern  Considerations  -  A  valid  SOF  can  appear 
in  any  of  three  regions  within  the  master  frame,  the  true  synchron¬ 
ization  position;  a  region  comprised  partly  of  the  true  synchronization 
position  and  partly  of  random  data,  denoted  as  the  overlap  region; 
and  the  pure-random  data  region.  In  the  frame  maintenance  mode,  the 
FMU  scans  only  region  1  while  testing  for  valid  SOFs.  Clearly,  then, 
for  a  given  SOF  length,  the  probability  of  obtaining  a  false  synchron¬ 
ization  pattern  correlation  is  independent  of  the  particular  bit  pattern 
used  and  depends  only  on  the  error  environment.  In  the  search  phase, 
the  FMU  sequentially  scans  all  these  regions  searching  for  a  valid  SOF. 
For  regions  1  and  3,  the  same  conclusion  applies;  namely,  for  a  given 
SOF  length,  the  bit  pattern  used  plays  no  role  in  determining  the  prob¬ 
ability  of  obtaining  a  false  synchronization  pattern  correlation.  How¬ 
ever,  the  SOF  bit  pattern  does  impact  on  the  probability  of  a  false 
correlation  in  the  overlap  region  since  this  probability  is  a  function  of 
the  number  of  bits  in  agreement  with  the  true  SOF.  To  minimize  the 
impact  of  SOF  simulations  in  region  2,  it  is  necessary  to  satisfy  the 
following  bit  pattern  restriction,17 

(p0,  p, ,  p2 . />j.,)  ¥  (PNj.j,  PNr  j+1  Nj_]l 

j  =  1,  2, ....  Nj 

where  (pG,  pj, . . . ,  pjq  j)  =  SOF-  i  and  Nj  =  length  (SOF-i)  . 

This  ensures  that  in  an  error  free  environment  there  can  be  no  simu¬ 
lation  of  the  SOF  in  region  2  and  also  serves  to  minimize  the  proba¬ 
bility  of  this  event  in  a  noisy  environment.  As  a  consequence  of  the 
above  SOF  bit  pattern  restriction  and  the  fact  that  the  acquisition 
mode  includes  a  check  phase,  it  is  assumed  that  Pp|A 's  calculable  by 
considering  only  region  3. 


each  master  frame  for  n  successive  master  frames,  the  FMU  correlate 
(compares  bit-by-bit)  the  bit  pattern  in  the  assumed  synchronization 
position  with  the  expected  SOF.  If  a  correlation  results  in  r  or  fewer 
bit  disagreements,  a  positive  correlation  is  recorded:  otherwise,  a  nega¬ 
tive  correlation  is  recorded.  Whereupon,  if  in  n  such  comparisons  the 
number  of  positive  correlations  equals  or  exceeds  some  fixed  threshold, 
t,  an  in-sync  condition  is  declared  and  the  test  is  repeated  with  the 
next  n  master  frames.  If  the  number  is  less  than  this  threshold  an  out- 
of-sync  condition  is  declared,  the  frame  maintenance  mode  is  terminated, 
and  the  FMU  initiates  the  frame  acquisition  mode. 

The  performance  of  the  frame  maintenance  mode  is  measured  in 
terms  of  PpoA  anc*  P[_M'  These  probabilities,  as  may  be  expected, 
are  intimately  related  to  n,  Nj,  and  t.  Unfortunately  though,  PpOA 
and  Pj  jyj  have  opposing  requirements,  that  is,  as  the  parameters  are 
variedto  decrease  (increase)  PpQ^,  Ppy  increases  (decreases).  A  full 
parametric  analysis  to  jointly  optimize  PpLA  and  PLM  w°uld  require 
extensive  computer  time.  In  order  to  avoid  this  necessity,  a  value  of 
n  will  be  chosen  which  results  in  a  reasonable  mean  time  to  determine 
loss  of  synchronization.  For  this  value  of  n,  the  test  threshold  will 
be  parametrically  varied  for  likeiy  Nj  candidates  to  determine  if 
reasonable  values  of  PpoA  an<*  Plm  result-  If  not,  the  process  will  be 
repeated  for  different  values  of  n.  Although  this  procedure  may  not 
result  in  an  optimal  solution,  it  does  provide  excellent  results.  As  a 
starting  point,  the  following  is  assumed,  n  =  10  master  frames, 

Nj  =  13  or  16  bits  and  r  =  1.  Additionally,  a  bit  error  rate,  e,  of  .01 
is  used  in  the  analysis.  Whereupon,  PpOA’ in  ,erms  °f  previously 
defined  parameters,  is  given  by: 

PFOA=  I  f")(P(A|B))k  (P(AIB)  )n  k 
k=n-t+l ' k  ' 

where 

:  f  Ni)  k  Nj-k 

P(A|B)  =  T  \  k  /  ek  (1-e)  1  and 

k=o 

P(A1B)  =  1-  P(A|B)  . 

A  determination  of  PLM  depends  on  what  region  of  the  master  frame 
the  FMU  is  monitoring.  As  discussed  previously,  a  worst  case  assump¬ 
tion  is  to  assume  that  the  FMU  is  monitoring  the  random  data  region. 

In  which  case 

PLM-  I  k)  <p<AIB))k  ( 1-  P(AIB)  )n"k 
k=t  '  ' 


Due  to  the  assumed  length  of  SOF-3,  it  is  not  necessary  that  it 
strictly  adhere  to  the  above  bit  pattern  restrictioa  In  fact,  as  long  as 
it  is  of  reasonable  length  (e.g„  >  25  bits),  SOF-3  can  be  chosen  for 
convenience  rather  than  as  a  result  of  careful  analysis.  Thus,  if  SOF- 2 
is  chosen  to  be  the  binary  complement  of  SOF-1  (thereby  maximizing 
the  Hamming  distance  between  the  two),  then  SOF-3  can  be  the 
convenient  pattern  SOF-1  II  SOF-1  II  SOF-2.  Such  a  choice  for  SOF-3 
would  simplify  the  hardware  implementation  of  the  FMU  and  the 
transition  of  the  FMU  from  the  acquisition  mode  to  the  maintenance 
mode. 


4.3.2  Frame  Maintenance  Mode  Performance  -  The  FMU  enters 
the  frame  maintenance  mode  upon  acquisition  of  frame  synchroniza¬ 
tion  and  maintains  this  mode  until  it  determines  that  synchronization 
has  been  lost.  There  are  numerous  methods  by  which  the  FMU  can 
decide  between  an  in-sync  and  out-of-sync  condition.  The  method  to 
be  used  here  is  an  n- frame  test  using  non-overlapping  frames  and  a 
fixed  threshold  decision  process.  The  primary  reasons  for  selecting 
this  method  are  as  follows: 

a.  The  implementation  is  straightforward  and  is  easily  realized 
with  hardware  or  software 

b.  The  implementation  provides  excellent  performance  for 
carefully  chosen  values  of  n,  the  fixed  threshold,  and  other 
test  parameters. 

The  specific  operations  of  the  chosen  technique  require  that  for 


where 

RA|B) 


k=o  K 


Figure  7  illustrates  the  result  of  the  PpoA  an(I  P1,M  emulations  for 
the  specified  parameter  values.  As  may  be  seen  from  this  figure,  the 
chosen  parameter  values  provide  excellent  results;  however,  a  decision 
as  to  which  SOF  length  is  preferable  will  be  deferred  until  the  impact 
of  frame  acquisition  has  been  considered. 

4.3.3  Frame  Acquisition  Mode  Performance  -  The  operation  of 
the  FMU  during  frame  acquisition  is  a  two-phase  process.  It  should 
be  noted  that  the  FMU  must  be  capable  of  synchronizing  with  SOF-2 
or  SOF-3.  Since  SOF-2  is  the  shorter  of  two  sequences,  the  frame 
acquisition  mode  must  be  designed  to  perform  adequately  with  SOF-2. 
However,  SOF-2  is  also  used  in  the  frame  maintenance  mode;  thus, 
its  length  must  be  such  as  to  satisfy  the  requirements  of  both  modes. 


The  principal  parameters  which  control  the  performance  of  the 
frame  acquisition  mode  are  r,  s  (the  length  of  the  check  phase)  and 
Nj,  where  performance  is  measured  in  terms  of  <u>  and  Ppj/^.  It 
can  be  shown18  that  subject  to  assumptions  which  are  met  here,  the 
average  time  to  acquire  synchronization  in  the  acquisition  mode  is 


,  .  M+l  aMP(AIB) 


3- 


452 


where  P(A|B),  P(AIB)  and  P(AIB)  are  as  defined  in  the  previous  section, 
and  M  is  the  length  of  the  master  frame  (assumed  here  to  be  1 5440  bits). 


Figure  7.  PpQA  and  PLM  as  a  Function  of  Test 
Threshold  With  Nj  as  a  Parameter 


Observe  that  if  in  the  search  phase  the  probability  of  accepting 
a  false  synchronization  position  (P(A|B)  )  is  large,  then  <u>  is 
proportional  to  the  square  of  the  frame  length.  For  this  reason  it  is 
important  to  minimize  P(AIB).  A  related  parameter  of  interest  is  the 
variance  of  u.  However,  this  is  an  extremely  difficult  quantity  to 
calculate.  In  its  place,  the  parameter  Pp|  will  be  calculated.  This  is 
the  probability  that  the  first  indication  of  frame  synchronization  in 
the  search  phase  is  the  true  synchronization  position.  This  is  given 
by1’ 


_l_  P(A|B)  1  -(l-P(AIB))M _ 

Fl  ”m  Pf AIB)  l-P(AIB)  (l-P(AIB)  )M -1 

where  P(AIB)  =  I  -  P(AIB) 

The  remaining  performance  indicator  of  interest  is  PpjA  •  For 
reasons  discussed  previously,  this  probability  will  be  derived  by 
neglecting  the  contribution  of  the  overlap  region  of  the  master  frame. 
It  can  be  shown11  that  the  probability  of  choosing  a  simulated  SOF 
in  the  random  data  region  instead  of  the  true  synchronixation 
position  (Prs)  is  given  by 


prs  =  I.  ‘  I) 


k+l 


rM-Nr(Nrl)k' 


k=l 


k+l 


where  a  is  the  largest  integer  smaller  than  or  equal  to  (M-Nj)/Nj  and 
where  it  has  been  assumed  that  r  =  o  (based  on  the  mean  number  of 
bit  errors  expected).  Therefore,  if  the  check  phase  requires  s  master 
frames  for  verification  of  synchronization  then  PpjA  ‘s  approximately 
given  by 


Table  2  provides  an  evaluation  of  the  performance  of  the  acquisition 
mode  for  different  parameters  of  interest.  As  may  be  seen  there,  in 
order  to  obtain  tolerable  values  for  Pp|A  when  synchronizing  with 
SOF-2.  two  frames  are  required  in  the  check  phase  for  both  the  13- 
and  1 6-bit  lengths.  However,  a  single  check  frame  is  adequate  when 
synchronizing  with  Nj. 

Table  2.  Performance  of  the  Frame  Acquisition  Mode 


At  this  point  it  will  be  possible  to  select  a  length  for  SOF-1  which, 
in  turn,  determines  Ni  and  N 3 ,  As  a  result  of  the  frame  maintenc- 
anaylsis,  it  was  seen  that  both  the  1 3-  and  1 6-bit  lengths  provide  e 
cellent  performance.  However,  with  regard  to  frame  acquisition,  the 
16-bit  length  decisively  outperforms  the  13-bit  length.  Asa  result, 
a  length  of  16  bits  is  proposed  for  N  j.  A  choice  of  a  particular  bit 
pattern  for  SOF-1  is  not  critical  but  must  be  consistent  with  results 
of  Section  4.3.1. 

4.4  Master  Frame  Coordination 


At  any  IDS,  the  start-of-frame  markers  in  all  outgoing  links  are 
in  time  alignment  and  the  start-of-frame  markers  in  all  incoming  links 
are  randomly  aligned  with  respect  to  outgoing  links.  This  is  the  same 
timing  relationship  that  exists  in  a  conventional  TDM  system.  Unlike 
the  conventional  TDM,  there  is  no  absolute  need  to  align  master  frames 
in  the  IDS  since  the  Class  I  region  map  which  exists  at  each  IDS  for 
each  terminating  link  uniquely  defines  the  location  of  each  channel 
within  its  master  frame.  In  effect,  the  CC1S  messages  provide  the 
control  channel  which  is  required  when  frame  alignment  is  not  used. 

Related  to  frame  alignment  is  the  timing  or  coordination  problem 
generated  by  the  reassignment  of  channels  within  a  master  frame.  To 
illustrate  the  nature  of  this  problem,  consider  the  procedure  required 
to  establish  a  call  at  an  IDS.  Referring  to  Figure  8a,  a  Class  1  call  is 
allocated  channel  6  on  the  incoming  link  and  channel  5  on  the  out¬ 
going  link.  Note  that  the  master  frames  on  the  inooming  and  outgoing 
links  are  out  of  alignment.  Data  bits  for  the  call  first  appear  in  in¬ 
coming  master  frame  No.  1  and  are  placed  in  outgoing  master  frame 
No.  1 .  They  could  have  been  placed  in  outgoing  master  frame  No.  2 
but  this  would  have  added  additional  cross-office  delay,  a  situation 
which,  if  possible,  should  be  avoided.  Similarly,  data  bits  received 
in  incoming  master  frame  No.  2  are  placed  in  outgoing  master  frame 
No.  2;  this  procedure  continues  frame-by-frame  until  the  conclusion 
of  the  call. 

The  problem  with  this  particular  channel  assignment  is  that  if 
the  first  four  calls  in  the  outgoing  link  were  to  terminate  while  all 
calls  in  the  incoming  link  were  to  continue,  channel  5  would  be 
moved  to  a  position  adjacent  to  the  start-of-frame  marker;  conse¬ 
quently,  in  the  frame  in  which  this  move  were  effectuated,  the  call 
bits  to  be  placed  in  channel  5  in  the  outgoing  link  would  be  required 
before  they  were  received  on  the  incoming  link.  The  probable  reac¬ 
tion  of  the  ISN  to  this  situation  would  be  to  repeat  the  previous 
frames  call  bits,  as  shown  in  Figure  8b.  This  channel  slip  woul’d  appear 
to  the  customer  as  a  repetition  or  'hiccup'  of  data,  a  channel  period 
in  length. 

There  are  two  ways  to  avoid  this  'hiccup'  effect  One  is  to  delay 
the  call  bits  from  each  incoming  channel  one  master  frame  period 
before  placing  them  in  an  outgoing  channel;  the  other  is  to  never 
place  the  call  bits  from  an  incoming  channel  in  an  outgoing  channel 
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whose  corresponding  start-of-frame  marker  begins  prior  to  the  end 
of  that  incoming  channel.  Both  methods  assure  that  at  any  tandem 
node  an  outgoing  channel  can  never  be  moved  forward  to  the  extent 
that  it  slips  by  (precedes  in  time)  its  conesponding  input  channel. 
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Figure  8a.  Channel  Allocation  at  a  Tandem  Mode 
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Figure  8b.  Example  of  a  Channel  Slip 


5.  Conclusions 

In  this  paper,  network  timing  and  frame  synchronization  have 
been  examined  for  application  to  a  switching  network  whose  require¬ 
ments  are  based  on  projections  of  the  future  Defense  Communication 
System.  This  network  consists  of  60  nodes,  including  10  tandem  and 
50  regional  nodes,  arranged  in  a  two-level  hierarchy,  and  carries  voice 
and  data  integrated  together  in  two  classes:  one  class  emulating  cir¬ 
cuit  switching  concepts  and  the  other  packet  switching  concepts.  For 
this  network  structure,  the  modified  master/slave  approach  employing 
multiple  masters  was  selected  as  the  preferred  implementation 
scheme  for  network  timing.  The  rationale  for  this  selection  is  based 
on  its  high  performance  with  respect  to  the  evaluation  factors  imple¬ 
mentation  cost,  reliability/maintainability,  survivability,  monitoring/ 
maintainability,  interoperability,  and  service  continuity.  A  double- 
ended  frame  synchronization  plan  was  chosen  as  the  method  of 
establishing  and  maintaining  frame  synchronization  on  the  link’s 
interconnecting  switches.  This  plan  utilizes  three  start-of-frame 
markers  to  keep  each  node  at  each  end  of  a  link  aware  of  the  synch¬ 
ronization  status  at  the  other  end.  Included  were  analysis  of  synch¬ 
ronization  acquisition  and  maintenance  and  recovery  procedures  in 
the  event  of  loss-of-synchronization.  A  timing  or  coordination  prob¬ 
lem  for  the  virtual  circuit-switched  channels  in  transferring  data  from 
incoming  to  outgoing  links,  due  to  the  dynamic  nature  of  the  inte¬ 
grated  master  frame  structure,  was  also  illustrated. 
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Summary 


ichronlzatlon  methods 


This  contribution  outlines  the  state  of  General 

development  in  the  field  of  synchronization 

and  timing  requirements  for  the  digital  data  The  above  mentioned  requirement  can  be 
and  telephone  network  of  the  Deutsche  Bundes-  achieved  by  means  of  one,  or  a  combination, 
post.  of  the  three  methods  known  to  date,  viz. 


A  comparison  of  reliablity,  stability  and 
accuracy  of  the  different  synchronization 
methods  is  followed  by  the  description  of  the 
system  which  is  a  present  investigated  with  a 
view  to  a  possible  introduction  into  the 
Deutsche  Bundespost  network. 

The  digital  network  operated  synchronously 
according  to  the  single-ended  phase  averaging 
method  is  made  accurate  by  use  of  the  standard 
frequency  system  (reference  oscillator)  of 
the  Femmeldetechnisches  Zentralamt.  The 
timing  method  used  for  this  purpose  was 
developed  for  FDM  transmission  systems. 
(Distributed  master  system). 

Some  particular  questions  such  as  delay  vari¬ 
ations,  accuracy  of  the  control  frequency 
devices  etc.  have  been  studied  by  field- 
trials  as  well  as  the  particular  problems  of 
the  single-ended  synchronization  system.  The 
results  are  reported  briefly.  They  show  that 
the  envisaged  system  seems  to  be  the  most 
appropriate  and  economic  solution  for  the 
Deutsche  Bundespost  network. 

Introduction 

This  paper  will  deal  with  the  synchronization 
and  clocking  requirements  and  the  application 
of  different  clocking  systems  to  digital  net¬ 
works  rather  than  the  clock  devices  them¬ 
selves.  The  brief  overview  may  give  espe¬ 
cially  the  deslgnes  and  manufactures  of 
oscillators  additional  information  about  the 
specific  needs  of  digital  networks. 


Accuracy  of  Digital  Networks 


1 .  mutual  synchronization 

2.  master-slave  synchronization 

3.  pleBiochronous  operation  mode  . 

The  individual  methods  are  different  with 
regard  to  reliability,  accuracy,  stability 
and  complexity  of  the  network  arrangement. 
Among  these  reasons  the  reliability  of  the 
method  plays  a  decisive  part  in  the  selection 
of  the  appropriate  synchronization  method. 

In  the  following  these  three  methods  are 
discussed. 


Mutual  Synchronzation 


1 .  Since  all  network  nodes  contribute  to 
the  synchronization  of  the  entire  net¬ 
work,  frequency  deviations  (e.g.  aging) 
of  one  node  affects  the  vicinity  of 
another  node . 

2.  Temperature-dependent  delay  variations 
affect  the  frequency  and  phase  position 
of  the  network  nodes  without  impairment 
of  the  network  synchronism. as  long  as 
they  are  compensated  for  by  a  buffer 
store. 

3.  The  outage  of  one  nodal  oscillator  does 
not  influence  the  synchronizability  of 
the  network  provided  that  this  node 
contributes  no  longer  to  the  synchroni¬ 
zation. 

4.  The  interconnection  of  networks  may 
lead  to  difficulties  because  the  net¬ 
works  or  isles  of  networks  may  differ 
in  their  frequencies  although  there  is 
synchronous  operation  among  them. 

5.  The  complexity  of  the  system  devices 
is  small. 


To  a  void  loss  of  information  by  bit  slips  in  Master-Slave  Synchronization 

an  integrated  digital  network  or  to  reduce 

it  to  a  tolerable  value,  the  clock  frequen-  There  is  assumed  to  be  star-shaped  connec- 

cies  of  the  digital  switching  centres  must  tions  between  all  nodes  of  the  network  and 

operate  synchronously  or  plesiochronously  a  master  node  or  a  master  clock, 

respectively. 

1 .  If  clock,  equipment  as  Caesium  and  Rubi- 
According  to  C.C.I.T.T.  Recommendation  G.811,  dium  atomic  standards  is  provided  in  the 

the  maximum  frequency  deviation  in  a  national  master  node,  there  is  no  considerable 

digital  network  should  not  exceed  +  1  frame  frequency  deviation  in  the  network. 

<256  bits)  in  the  2,048  kbit/s  system  within  Hence,  the  integration  of  additional 

70  days.  In  a  plesiochronous  network  this  networks  does  not  cause  any  problems, 

value  corresponds  to  an  oscillator  accuracy  2.  Failure  of  a  slave  node  does  not  affect 

of  1  x  10",  the  rest  of  the  network. 
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3.  Failure  of  the  master  node  gives  rise 
to  high  slip  rates  in  the  network 

4.  Failure  of  a  clock  distribution  link 
causes  frequency  inaccuracy  in  the 
disconnected  parts  of  the  network. 

5.  If  for  safety  reasons  two  clock  distri¬ 
bution  systems  are  set  up  on  different 
routes  the  costs  of  the  clock  system 
rise  considerably. 

Pleslochronous  Operation  Mode 

In  these  networks  all  nodes  are  equipped  with 
high-precision  atomic  standards.  The  devia¬ 
tions  among  the  various  networks  are  within 
permissible  tolerances. 

1 .  High  reliability  of  the  network  is 
achieved  because  a  failure  of  a  node 
does  not  affect  the  rest  of  the  network. 

2.  At  present  the  system  is  very  expen¬ 
sive,  not  only  because  of  the  higher 
investment  compared  with  other  methods 
but  also  for  the  larger  ammount  of 
supervision  and  maintenance  for  the 
many  atomic  standards  in  the  network. 

Synchronization  Method  for 

the  Digital  fretworks  of  the 
Deutsche  iBundespost 

Basic 

Balancing  this  evaluation  we  found  that  none 
of  the  above  mentioned  systems  may  fulfill 
the  requirements  of  the  digital  network. 
Therefor  the  Deutsche  Bundespost  investi¬ 
gates  at  present  a  combined  method  (Fig.  1). 

It  consists  of  a  star-shaped  distribution  of 
a  control  frequency  from  a  central  reference 
clock  generator,  which  serves  as  a  master 
frequency  with  a  higher  weight  to  achieve 
the  required  frequency  accuracy  in  the 
digital  networks  operating  according  to  the 
single-ended  phase  averaging  method.  This 
method  offers  the  advantages  of  the  master- 
slave  network  and  of  the  mutual  synchronized 
network.  The  disadvantages  of  the  two  methods 
are  eliminated  to  a  large  extent. 

The  standard  frequency  system 
(stage  I) 

The  standard  frequency  system  of  the  FTZ  1 
provides  the  standard  frequency  for  various 
services  of  the  Deutsche  Bundespost.  Dally 
measurements  to  compare  with  the  emission  of 
the  transmitter  DCF  77  at  Mainflingen,  which 
emits  the  frequency  and  time  standards  of  the 
Physikallsch-Techni3che  Bundesanstalt  (PTB) 
at  Braunschweig,  inshure  that  the  standard 
frequency  provided  by  the  FTZ  has  an  accuracy 
of >  +  5  x  1012,  Thus  It  meets  the  inter¬ 
national  requirement  laid  down  for  a 
reference  clock  in  C.C.I.T.T.  Rec.  G.811, 

Standard  Frequency distribution 

With  the  introduction  of  the  multi-channel 
60-MHz  FDM  system  use  will  be  made  of  an 
improved  control  frequency  device  for  carrier 
frequency  synchronization  3,4,  The  reference 
frequency  (300  kHz)j which  originates  in  the 
FTZ,  will  be  transmitted  to  all  network 


levels.  Under  normal  operating  conditions  it 
is  ensured  that,  at  the  adapting  unit  of  the 
digital  switching  centre,  the  reference  fre¬ 
quency  provided  via  by-pass  circuits  is 
directly  available  to  the  digital  network  as 
a  weighted  master  frequency.  In  case  of  fault, 
the  control  frequency  device  causes  the 
change-over  to  an  oscillator  which  is  con¬ 
trolled  by  a  precision  crystal.  Use  is  made 
of  a  store  so  that  in  the  absence  of  the 
reference  frequency  the  last  control  voltage 
applied  is  not  lost.  Thus,  the  relative  fre¬ 
quency  deviation  remains < 1  x  10~9. 

Mutual  synchronization  of  the 
digital  switching  centres 
(stage  III) 


In  this  system  the  line  clock  is  extracted 
from  a  certain  number  of  selected  incoming 
PCM  links  and  its  phase  is  compared  with  the 
switching  centre  clock.  The  length-modulated 
pulses  of  the  flip-flops  measuring  the  phase 
difference  are  added  via  a  resistance  net¬ 
work  and  smoothed  via  a  low-pass  filter  with 
a  specific  time  constant.  By  the  resulting 
output  voltage  the  frequency  of  the  nodal 
oscillator  is  continuously  tuned  so  that  it 
approaches  the  average  value  of  the  incoming 
frequencies  (Fig.  2),  In  the  transient  state 
the  frequencies  of  all  nodal  oscillators  are 
equal  ->,°,7,  in  order  to  prevent  the  network 
frequency  from  drifting  by  a  change  of  fre¬ 
quency  at  individual  nodes,  all  synchronous 
network  isles  are  synchronized  by  the  master 
clock  with  the  higher  weight. 

If  the  master  clock  fails,  synchronization 
among  the  network  nodes  is  kept  up  by  phase 
averaging.  The  network  drift  experienced  ir. 
this  case  depends  on  the  duration  of  the 
master  clock  failure  and  the  accuracy  of  the 
crystal  clocks.  This  arrangement  does  not  re¬ 
quire  duplication  of  the  clock  distribution 
system  on  the  link  between  master  oscillator 
and  the  digital  parts  of  the  network  for  an 
increase  of  reliability. 

Results  of  Investigations 

Mutual  Synchronization 

1 .  Experimental  arrangement 

A  field  trial  has  been  carried  out  since 
the  middle  of  1972  to  study  in  practice 
the  phase  averaging  method  according  to 
the  single-ended  principle.  For  the  ex¬ 
periment,  PCM  transmission  lines  between 
the  local  exchanges  at  Pasing  and  Puchheim 
in  the  Munich  area  have  been  intermeshed 
as  shown  in  Fig.  3.  The  experimental 
arrangement  consists  of  the  network  with 
the  clocks  1...4,  which  synchronize  each 
other,  and  the  equipment  for  measurements 
and  registration. 

Network  data 

-  cable  length:  approximately  12  km 

-  line  delay  time  and  line  delay  time 
variation:  60  us+  300  ns 

-  number  of  repeaters  per  PCM  transmission 
line:  4 

Oscillator  and  control  arrangement  data 

-  accuracy  of  free  running  oscillator: 

f/f  -  +  5  10-8  at  2.048  MHz 
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-  aging:  initial  value  3  •  10-8 /month 
(preaged  1  month) 

-  tuning  range  :4lf/f  =  +  2,5  •  10"? 

-  working  range  of  the  phase  comparator: 

+  16  bits  at  2.048  MHz  (Frequency 
dividers  enlarge  the  working  range  of 
the  phase  discriminators) 

-  loop  gain:  0.05  Hz/bit  at  2.048  MHz 

2 .  Results 

Establishment  of  the  network 

-  First  intermeshing  of  the  network  : 

It  is  not  necessary  to  observe  certain 
build-up  rules  such  stepwise  build-up 
of  the  network  etc. 

-  Enlargement  of  the  network  is  no  problem. 
normal  operation 

-  Required  working  range  of  phase  compa¬ 
rator  could  be  proved  to  be  sufficient, 
the  working  range  of  the  phase  compa¬ 
rators  was  enlarged  by  frequency  divi¬ 
ders,  i.e.  binary  counters. 

When  the  working  range  is  exceeded, 
these  counters  are  reset  in  such  a  man¬ 
ner  that  the  phase  discriminators  are 
reset  into  the  mid-position  of  their 
working  range.  In  the  following,  this 
process  is  called  reference  phase 
switching. 

-  Line  delay  time  variations  occuring 
during  a  year  have  had  only  little  in¬ 
fluence  on  the  phase  relations  in  the 
network.  The  working  range  of  the  phase 
comparators  was  not  exceeded. 

Disturbed  operation  was  brought  about  in¬ 
tentionally  by  manual  variation  of  the 
frequency  of  one  oscillator,  phase 
reference  switching  by  hand,  and  dis¬ 
connection  of  clock  inputs  which  corres¬ 
ponds  to  an  interruption  of  PCM  trans¬ 
mission  lines. 

While  simulating  the  aging  process  of  a 
quartz  oscillator,  three  different  stages 
were  to  be  distinguished: 

a)  The  frequency  of  the  oscillator  was  in¬ 
side  the  control  range  of  the  others : 
the  network  remained  stable. 

b)  The  control  range  was  just  exceeded 
(deviation  from  nominal  frequency: 

0,8  Hz):  Refernce  phase  switching 
occurred  approximately  every  40  s.  The 
phases  of  the  remaining  network  showed 
a  jitter  of  up  to  about  14  bits  (lines 
starting  and  ending  at  the  disturbed 
oscillator)  and  up  to  4  bits  (other 
lines).  Hence,  lack  of  synchronism  is 
confined  to  lines  originating  at  the 
disturbed  oscillator  and  to  lines 
arriviging  from  the  undisturbed  part  of 
the  network  and  connected  to  the 
disturbed  node  (Fig.  4). 

c)  The  control  range  was  considerably  ex¬ 
ceeded.  When  the  control  range  is  ex¬ 
ceeded  even  more,  there  will  be  less 
phase  shifts  in  the  rest  of  the  net¬ 
work  because  of  the  low  bandwidth  of 
the  control  circuits.  Also,  the  fre¬ 
quency  jitter  of  a  node  diminuishes  as 
a  function  of  the  number  of  nodes 
separating  it  from  the  disturbance 


(lower  Fig.  4). 

Reference  phase  switching  was  induced  inten¬ 
tionally.  It  influences  the  phase  of  PCM 
information  (absolute  phase).  Fig.  5  shows 
the  influence  of  reference  phase  switching 
processes  which  are  statistically  distributed 
over  the  whole  network.  Fig.  6  shows  the  in¬ 
fluence  of  repeated  phase  switching  at  one 
input.  After  one  or  two  reference  phase 
switching  processes  the  phase  discriminator 
does  not  change  its  position  any  longer.  The 
change  of  absolute  phase  remains  very  small 
(maximum  of  3  bits). 

These  test  showed  that  the  system  satisfies 
the  requirements  for  the  synchronization  of 
regional  areas  and  provides  even  in  the  case 
of  some  disturbancies  still  acceptable 
service. 

Standard  Frequency  Distribution 

The  frequency  deviation  corresponds  to  the 
requirements  of  the  FDM  systems  for  which 
the  control  frequency  device  was  developed. 
First  considerations  of  the  achievable 
accuracy  have,  however,  shown  that  an  accu¬ 
racy  of  1  101'  will  be  achieved  in  the 
digital  network. 

A  field  trial  being  performed  in  the  Deutsche 
Bundespost  network  will,  before  long,  permit 
a  definite  statement  to  be  made  on  the  use¬ 
fulness  of  this  method  for  the  provision  of 
the  digital  network. 

The  experimental  arrangement  provides  the 
transmission  of  the  reference  frequency 
(300  kHz)  by  FDM-transmltting  systems 
over  distancies  up  to  1000km  using  alter¬ 
natively  radio  links  or  cables. 

Results  preliminarly  show  the  following 
behaviour : 

1.  Long  term  accuracy  measured  :**1  10*12 

2.  Phase  jumps  :  none 

3.  Phase  deviations  :<+40ns 

(periodically) 

4.  Security  (measured  over  2  month 

periods) : 

Short-term  interruptions  (  100ms): 

30  ...  40 

Long-term  interuptions  (Is)  : 

20  ...  30 

5.  Accuracy  in  case  of  lnterupted 

roas'ter  • 

Within  24  hours :« 1 • 10"10 

This  would  in  a  data  network,  where  the 
aligner  at  a  64  kbit/s  input  has  a  capa¬ 
city  of  e.g.  8  bits,  result  in  a  slip 
after  a  period  of  about  8  days. 

Although  the  field  trial  is  still  continued 
these  first  results  satisfy  completely  the 
requirements  of  digital  networks.  The  short- 
and  long-term  interruptions  will  not  affect 
the  digital  network,  since  it  relies  only  for 
the  long-term  accuracy  on  the  standard  fre¬ 
quency  distribution  system. 

Implementation  of  the  Synchronisation 
method 

Setting  up  of  digital  switching  centres  in 
the  Deutsche  Bundespost  network  is  intended 
to  start  in  the  eighties.  To  begin  with, 
small  isles  comprising  2  to  4  digital 
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switching  centres  will  be  established,  which 
will  already  be  synchronized  according  to 
the  above-mentioned  method.  At  present,  the 
reference  frequency  network  provided  for  the 
FDM  systems  covers  already  80%  of  the  nodal 
exchanges.  Therefore,  it  will  always  be 
possible  to  apply  the  master  frequency  to  the 
nodes  of  the  first  network  isles  down  to  the 
nodal  exchanges. 

Later  on,  these  network  isles  will  be  inter¬ 
connected  to  form  digital  network  areas.  At 
the  lower  level  of  the  communication  network 
digital  transmission  will  prevail  and  will  be 
Integrated  into  the  digital  switching  systems, 

At  the  upper  level  of  the  communication  net¬ 
work  the  FDM  systems  will  gradually  be  re¬ 
placed  by  multi-channel  digital  transmission 
systems.  Instead  of  being  tuned  via  FDM 
channels  the  digital  network  would  then  be 
synchronized  direct  by  the  NFA/FTZ  or  by 
several  local  NFAs  distributed  in  the  net¬ 
work. 
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0.  Karl 

NTZ  28  (1975)  No.  12 
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7.  The  Single-ended  Principle  of  Digitally 
Controlled  Phase  Averaging  for  the  Syn¬ 
chronization  of  Communication  Networks 

H.  L.  Hartmann 
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Problems  still  to  be  investigated 

The  most  important  unsolved  problems  are: 

-  A  permissible  value  (&■$  man-)  for  the  magni¬ 
tude  of  the  phase  shift  must  be  specified. 
The  same  problems  will  also  be  encountered 
on  digital  long  distance  transmission 
systems . 

An  interruption  of  the  master  clock  causes 
the  control  frequency  device  to  initiate  a 
change-over  to  the  crystal.  The  frequency 
deviation  fq  of  the  crystal  has  to  be 
determined  by  means  of  tests  performed  in 
the  network. 

-  The  problem  arising  in  conjunction  with  the 
interconnection  of  digital  network  isles 
(different  phase  positions4^i  +  n)  shall 
be  Investigated  during  a  field  Trial  to  be 
carried  out  on  the  links  of  the  PCM  data 
network  (beginning  about  1978). 

In  spite  of  some  unsolved  problems  the  method 
described  seems  to  be  suitable  for  national 
telephone  and  data  networks.  On  account  of 
its  high  accuracy  of  >1  x  1 01 1  and  the  high 
immunity  against  failure  it  will  be  possible 
to  integrate  the  digital  network  of  the 
Deutsche  Bundespost  without  difficulty  into 
international  telephone  and  data  networks. 
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Pig.  1  Synchronization  of  the  digital  networks  of 
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Abstract 

This  paper  briefly  describes  the  synchroniza¬ 
tion  system  for  the  Dataroute,  a  nationwide  digital 
data  transmission  network  of  the  Trans-Canada 
Telephone  System,  operating  since  April  1973. 

Recent  operating  experience  and  measurements  on 
the  network  as  regards  to  the  accuracy  and 
stability  of  the  master  clock  frequency  are  also 
discussed . 

Introduction 

The  Dataroute1,’  a  Trans-Canada  digital  data 
network,  was  established  in  April  1973  to  meet  the 
transmission  requirements  of  the  growing  computer 
communications  market  from  coast-to-coast  in 
Canada.  The  initial  synchronization  system  of  The 
Dataroute  was  based  on  a  Master-Slave  system  using 
a  station  synchronizer  with  two  fixed  priorities 
for  determining  the  appropriate  source  for  running 
the  local  nodal  clock.  Plans  were  made  simulta¬ 
neously  to  elevate  the  network  synchronization  to 
one  with  a  Hierarchical  Master  Slave  capability 
within  a  short  time  period. 2>3,« 

The  decision  to  utilize  the  HMS  feature  was 
based  on  considerations  involving: 

a)  ease  with  which  network  growth,  both 
addition  of  new  nodes  and  new  circuits 
to  existing  nodes,  could  be  accomplished 
with  an  adaptive,  rather  than  a  fixed 
priority  scheme: 

b)  enhancement  of  network  security; 

and 

c)  relative  Insensitivity  to  link  failure  of 
both  short  and  long  term  duration. 


The  Dataroute  System 

The  Dataroute  Network  is  a  transmission  network 
linking  some  thirty-five  cities  by  56  KBPS  or  1.544 
MBPS  digital  transmission  facilities. 

The  Dataroute  is  a  Master  Frame  system.  (A 
Master  Frame  system  is  one  where  the  demultiplexing 
Frame  is  common  to  all  multiplexers  in  a  node  and  is 
provided  by  a  common  equipment). 

Selection  of  the  'best'stream  at  any  node  from 
the  point  of  view  of  synchronization  is  effected  by 
associating  a  travelling  signature  along  with  each 
bit  stream.  Having  determined  the  best  stream, 
however,  the  local  clock  does  not  frequency  lock  to 
it.  Instead,  a  positional  information  with  the 
remote  multiplexer  is  exchanged  in  order  to  derive  an 
error  signal  to  control  the  local  clock. 

Between  any  pair  of  communicating  multiplexers, 
provision  is  made  for  exchanging  the  receive  buffer 
readings.  The  difference  between  the  buffer  positions 
generates  an  error  signal  which  is  used  to  effect  a 
movement  of  the  nodal  frame  and  the  nodal  clock  in  a 
direction  to  nullify  the  difference.  This  is  shown 
in  figure  1. 

It  can  be  easily  seen  that  a  constant  difference 
between  the  two  (local  and  remote  multiplexer)  buffer 
readings  would  amount  to  the  nodal  clock  rate  being 
identical  to  the  clock  driving  the  remote  multiplexer. 
In  addition,  if  the  buffer  readings  are  identical,  a 
real  time  alignment  of  the  two  nodal  frames  has  also 
been  achieved.  This  alignment  process  can  continue 
to  take  place  between  pairs  of  nodes  until  all  nodes 
are  similarly  aligned.  Hence,  the  process  of 
maintaining  real  time  alignment  of  the  different  nodal 
frames  effectively  achieves  synchronization.  The 
attainment  of  synchronization  Is  thus  based  on  ex¬ 
change  and  control  of  buffer  position  information 
qualifying  the  synchronization  system  as  a  position 
control  system. 
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The  network  frequency  is  continually  measured 
for  accuracy  and  stability  against  standard  clocks 
maintained  at  the  Time  and  Frequency  Laboratories  of 
the  National  Research  Council  of  Canada  in  Ottawa. 
The  measured  frequencies  have  been  found  to  be 
within  the  acceptable  range  of  operation. 


Summary 


This  paper  has  presented  details  of  the 
synchronization  system  of  the  Dataroute,  a  Trans- 
Canada  digital  data  network  operating  since  April 
1973.  The  synchronization  system  is  a  Hierarchical 
Master  Slave  System  with  provision  to  align  in  real 
time  the  demultiplexing  frames  at  all  the  nodes. 


TWO  NO  DC  CON  FIG  UN  AT  (ON  DATAROUTE  SYNCHRONIZATION 
figure  • 


Hierarchies  of  Multiplexing  System 

Hierarchies  of  multiplexing  systems  provide  an 
interesting  situation  for  the  provisioning  of 
position  lock  clock  derivation  schemes.  In  such 
systems,  there  sore  two  possible  options. 

a)  The  positional  information  may  be  exchanged 
amongst  the  highest  order  multiplexers.  In 
this  case,  the  lower  order  multiplexers 
have  no  receive  buffer  and  the  derivation 
of  clock  frequency  is  done  entirely  by  the 
positional  information  exchange  between  the 
higher  order  multiplexers. 

•>)  The  synchronization  information  exchange  may 
be  based  on  the  lower  level  multiplexer.  In 
this  case  two  options  are  available: 

i)  the  synchronization  equipment  receives  the 
buffer  readings  of  both  the  higher  and  lower 
level  multiplexers.  Equalization  is  first 
made  on  the  lower  level  multiplexer  which 

is  usually  'coarser'.  Subsequently,  the 
finer  equalization  can  be  made  based  on  the 
buffer  readings  of  the  higher  level  multi¬ 
plexer. 

ii)  the  higher  level  multiplexer  can  be  made 
non-master  frame. 

In  the  Dataroute  system,  the  signature  imbedded 
in  the  bit  stream  is  demultiplexed  by  the  56  KBPS 
multiplexers.  The  higher  level  multiplexer  is  made 
non-master  frame  thus  eliminating  the  need  for 
communicating  buffer  readings  of  the  1.546  MBPS 
multiplexer. 
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The  concept  of  Time-Division  Multiple-Access 
satellite  communication  is  described  indicating  the 
need  for  highly  accurate  time  synchronization  of  all 
participating  stations.  Factors  affecting  the  propaga¬ 
tion  time  and  contributing  to  the  achievable  accuracy 
of  synchronization  are  discussed.  The  design  and 
implementation  of  a  unique  synchronization  system 
called  CENSAR  are  described.  Synchronization  to 
within  ±10  ns  has  been  recently  demonstrated  on  the 
Hermes  (CTS)  satellite  using  this  method. 

Some  future  trends  in  satellite  communications  are 
summarized. 

Introduction 

In  modern  satellite  communication  systems,  it  is 
common  practice  to  place  the  satellite  in  a  near-circu¬ 
lar  orbit  around  the  earth  above  the  equator  at  an 
altitude  such  that  the  orbit  period  is  24  hours.  Such 
a  satellite  is  termed  geo-stationary  since,  to  an 
observer  on  the  ground,  the  satellite  appears  virtually 
stationary.  This  simplifies  antenna  tracking  and 
Increases  the  satellite  availability  at  any  point 
within  the  coverage  region  to  nearly  100%. 

To  access  the  satellite,  an  earth  station  pro¬ 
cesses  the  baseband  signal  from  the  terrestrial 
interface,  modulates  the  result  onto  a  carrier  and 
up-converts  to  a  suitable  radio  frequency  (Figure  1). 
This  modulated  signal  is  transmitted  to  the  satellite 
where  it  is  amplified,  shifted  down  in  frequency  and 
re- transmit ted  to  the  earth.  The  receiving  earth 
station  amplifies,  down-converts  and  recovers  a  signal 
which  is  an  approximation  to  the  original  baseband 
signal  (since  the  link  is  not  perfect  and  is  subject 
to  noise  and  Interference  the  received  signal  is  not 
an  exact  replica  of  the  transmitted  signal) . 

Several  frequency  bands  have  been  allocated  inter¬ 
nationally  for  satellite  communication  based  on  such 
factors  as  penetration  through  the  ionosphere,  spectral 
absorption,  Interference,  frequency  sharing,  etc.,  as 
well  as  non-technlcal  reasons.  Three  common  pairs  of 
frequency  bands  are: 

1.  6  GHz  for  the  up-link  and  4  GHz  for  the 
down-link  -  these  frequencies  are  used  in  the 
majority  of  commercial  communication  satel¬ 
lites  today  -  these  frequency  bands  are  shared 
with  terrestrial  microwave  relay; 

2.  14  and  12  GHz  respectively  -  these  frequencies 
are  beginning  to  be  introduced  in  experimental 
satellites  and  are  planned  for  use  in  new 
generation  satellites,  12  GHz  is  also  allocat¬ 
ed  to  the  broadcasting  satellite  service;  and 

3.  30  and  18  GHz  -  for  use  in  future  satellites. 

The  baseband  signal  can  be  anything  from  a  single  4-kHz- 
wlde  voice  channel  through  various  analogue  or  digital 
multiplexed  signals  to  6-MHz-wlde  television  and  even 
to  the  higher  levels  of  multiplexing  up  to  274  MHz  in 
che  future. 


Other  frequencies  in  the  UHF  and  SHF  bands  are 
used  for  broadcast,  navigation  and  government  purposes. 

System  Impairments 

The  radio  path  from  the  earth  station  to  the 
spacecraft  traverses  the  troposphere  and  the  ionosphere. 
These  media  introduce  certain  modifying  effects  which 
must  be  taken  into  account.  For  example,  in  the 
atmosphere  the  velocity  of  propagation  and  the  path 
length  of  the  radio  ray  are  functions  of  the  tempera¬ 
ture,  pressure,  humidity  and  turbulence  profiles,  and 
the  signal  level  is  a  function  of  the  water,  snow  and 
ice  content  and,  at  certain  frequencies,  of  the  gaseous 
content.  In  the  ionosphere  both  the  velocity  of 
propagation  and  the  signal  level  are  dependent  upon  the 
electron  content. 

A  geo-stationary  satellite  is  not  normally  perfect¬ 
ly  stationary  with  respect  to  the  earth  due  to,  for 
example,  station  drift  and  the  gradual  change  of  orbit 
inclination  and  eccentricity  caused  by  gravitational 
and  radiation  pressure  perturbations.  These  effects 
generate  a  drift  within  a  small  volume  of  space  whose 
largest  dimension  is  typically  about  140  km  with  a 
maximum  relative  velocity  of  the  order  of  1  m/s.  This 
motion  gives  rise  to  a  doppler  shift  in  both  up-  and 
down-links.  In  the  time  domain,  the  drift  motion 
causes  a  diurnal  variation  in  the  transmission  time 
from  an  earth  station  to  the  satellite  of  up  to  250  ps. 
Commercial  satellites  are  usually  station-kept  to  these 
tight  bounds.  The  measured  diurnal  variation  for 
Hermes,  which  has  no  North-South  station  keeping  was 
650  ps  in  the  spring  of  1976. 

Multiple  Access 

In  utilizing  a  satellite  for  communications,  it  is 
generally  necessary  from  both  economic  and  operational 
viewpoints  to  plan  to  share  the  expensive  resources  in 
the  spacecraft  with  many  earth  station  facilities. 

There  are  several  ways  in  which  this  can  be  accomplished. 
This  paper  is  concerned  with  time  sharing  in  which  the 
full  power  and  bandwidth  of  the  satellite  transponder 
are  allocated  sequentially  on  a  cyclic  basis  to  each 
participating  earth  station  for  a  short  period  of  time. 

Voice  communication  is  the  major  constituent  of 
all  present  day  communications.  For  compatibility  with 
digitized  voice,  each  earth  station  generally  has  access 
to  the  satellite  once  each  125  ps  or  multiples  thereof 
(125  ps  corresponds  to  the  minimum  Nyquist  sample  rate 
for  a  4  kHz  wide  voice  channel,  a  bandwidth  which  is 
adequate  for  telephony).  This  process,  termed  Time- 
Division  Multiple  Access  (TDMA) ,  requires  accurate 
synchronization.  By  way  of  an  example,  the  CENSAR 
synchronization  scheme  currently  under  investigation  at 
the  Communications  Research  Centre  in  Canada  will  be 
described.  Earth  station  burst  transmissions  must 
arrive  at  the  satellite  without  overlap  and  without 
large  idle  intervals  between  the  bursts.  This  time 
synchronization  must  be  maintained  under  the  Influence 
of  satellite  drift  and  the  ionospheric  and  atmospheric 
effects  mentioned  above.  Also,  frequency  synchronization 
must  be  maintained  under  the  influence  of  doppler  shift 
and  frequency  drift  in  the  up  and  down  conversion  chains 
and  in  the  satellite  ftequency  translation. 
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TDMA 

The  prime  reason  for  considering  time- division 
multiple  access  is  that  this  method  makes  most  efficient 
and  effective  use  of  the  satellite  capacity.  In  addi¬ 
tion  it  is  cost-competitive  with  other  multiple  access 
techniques.  Other  advantages  include  adaptability  to 
changes  in  demand  as  well  as  all  the  many  reasons  for 
the  use  of  digital  signals,  e.g.  rugged  signals  capable 
of  regeneration  and  reraodulation,  use  of  coding  for 
increased  fidelity,  compatibility  with  emerging  terres¬ 
trial  digital  facilities,  and  the  feasibility  of  more 
complex  satellites  with  on-board  processing.  TDMA  has 
been  under  investigation  for  over  a  decadel  by  many 
researchers  throughout  the  world  (see  table  in  Figure 
2) .  However  at  the  present  time  only  one  system  is 
operational,  namely  that  of  Telesat  and  this  system 
with  only  two  accesses  does  not  demonstrate  the  full 
capability  and  power  of  TDMA^. 

Problems  involved  in  the  introduction  of  TDMA 
include  the  slow  introduction  of  terrestrial  digital 
transmission  and  digital  switching  due  to  the  vast 
investment  in  analogue  plant,  a  lack  of  international 
standards,  and  a  slowdown  in  the  rate  of  increase  in 
demand  for  telecommunications  facilities.  The  TDMA 
concept  however  offers  sufficient  potential  benefit 
that  research  in  this  area  continues  at  a  high  level. 
Recently  Intelsat  issued  a  request  for  proposals  for  a 
TDMA  test  bed^»^  and  the  European  countries  are  plan¬ 
ning  extensive  pre-operational  TDMA  experiments  on  OTS 
in  1979. 

TDMA  General  Concept 

As  mentioned  previously,  TDMA  refers  to  the  time- 
shared  use  of  a  satellite  transponder  by  means  of  short 
bursts  of  information  from  each  earth  station  directed 
to  one  or  more  receiving  stations.  The  system  must  be 
synchronized  such  that  (a)  the  bursts  do  not  overlap 
or  have  large  idle  periods  between  them  and  (b)  proper 
burst  identification  must  be  possible. 

To  implement  a  TDMA  synchronization  system,  two 
conditions  must,  in  general,  be  fulfilled: 

1.  All  participating  terminals  must  operate  on  a 
common  time-base; 

2.  Each  participating  terminal  must  know  its 
exact  transmission  delay  to  the  satellite. 

The  first  condition  is  fulfilled  by  transmitting 
a  timing  signal  from  a  control  terminal  to  all  partici¬ 
pating  terminals.  In  the  CENSAR  system,  the  second 
condition  is  achieved  by,  in  effect,  determining  the 
satellite  position  at  the  control  terminal  and  distri¬ 
buting  the  positional  information  via  the  satellite  to 
the  participating  terminals.  Each  terminal  then 
calculates  its  delay  to  the  satellite.  As  the 
satellite  moves,  the  positional  information  is 
continuously  up-dated  so  that  each  participating 
terminal  can  compensate. 

Shown  in  Figure  3  are  the  essential  features  of  a 
TDMA  timing  hierarchy.  A  frame  is  the  time  interval 
selected  for  an  access  assignment  plan  to  repeat,  a 
superframe  is  a  group  of  frames  in  which  is  distributed 
internal  signalling  information.  Each  frame  in 
general  consists  of  one  or  more  refe.  <'nce  bursts 
followed  by  a  string  of  message  bursts;  due  to  imper¬ 
fect  synchronization  a  guard  time  Is  usually  required 
between  bursts.  A  burst  is  a  modulateu  carrier  signal 
which  occupies  an  assigned  time-slot  within  a  frame. 

A  reference  burst  or  a  sync  burst  occurs  at  the 
beginning  of  the  frame  and  often  has  special  structure. 

A  message  burst  typically  consists  of  a  preamble,  the 


message  portion  and.  In  some  systems,  a  ''postamble" . 

The  preamble  may  consist  of  a  portion  for  carrier 
recovery,  a  portion  for  symbol  timing  (clock,  bit¬ 
timing)  recovery,  a  burst  codeword  for  burst  synchroni¬ 
zation,  a  station-identification  code,  and  other 
house-keeping  portions.  The  message  (information) 
portion  contains  traffic  which  may  be  multiplexed 
and  sometimes  coded.  In  some  applications,  a  postamble 
of  a  few  symbols  is  used  for  decoder  or  demodulator 
quenching.  A  symbol  is  one  of  the  possible  modulated 
carrier  signals  for  the  burst  and  occupies  a  symbol 
length  defined  by  the  clock  rate  in  the  burst.  The 
transmission  rate  is  the  Instantaneous  bit  rate  of  the 
burst.  The  number  of  accesses  can  in  theory  be  anywhere 
from  two  (as  in  the  case  of  Telesat)  to  several  hundred. 

In  order  to  reduce  the  system  overhead  it  is 
obviously  necessary  to  minimize  the  duration  of  the 
allowed  guard  time  and  of  the  pre-  and  post-ambles. 
Typical  TDMA  systems  have  guard  times  ranging  from  less 
than  20  ns  to  over  200  ns.  Time-slot  synchronization 
must  thus  be  dynamic  to  accommodate  satellite  drift, 
atmospheric  and  ionospheric  effects,  and  equipment 
temperature  dependence.  Synchronization  must  also  be 
very  accurate  for  maximum  efficiency  and  must  be  main¬ 
tained  under  burst  conditions.  Clock  and  symbol-timing 
recovery  and  burst  identification  must  be  accomplished 
very  quickly  at  the  beginning  of  each  burst  in  order  to 
keep  this  portion  of  the  overhead  to  a  minimum  and  also 
in  order  to  extract  the  appropriate  message  portion 
with  minimum  error. 

Additional  equipment  is  required  to  compress  the 
continuous  signal  presented  at  the  terrestrial  inter¬ 
face  into  burst  format  and  to  expand  the  received 
bursts  into  continuous  format  for  return  to  the 
terrestrial  network.  The  entire  process  must  be 
accomplished  without  significant  loss  of  fidelity  in 
order  to  preserve  the  required  quality  of  service. 

The  TDMA  process  thus  calls  for  very  sophisticated 
circuitry. 

Concept  of  Centralized  Synchronization 

The  centralized  synchronization  concept  evolved 
from  an  original  idea  of  de  Buda->.  Consider  one  earth 
station  which  transmits  a  short  ranging  burst  to  the 
satellite  and  receives  the  same  burst  after  the 
appropriate  two-way  transmission  delay  -  about  a 
quarter  of  a  second.  The  station  measures  the  time 
interval  between  transmission  and  reception  and  the 
satellite  must  thus  lie  on  a  sphere  centred  on  the 
earth  station  with  a  radius  (in  time  units)  equal  to 
half  the  round  trip  delay.  Thus  two  other  identical 
stations,  suitably  distant,  define  two  more  spheres 
and  the  satellite  then  lies  at  the  intersection  of 
these  three  spheres.  The  required  synchronization 
accuracy  for  guard  times  of  the  order  of  20  ns  must 
be  better  than  one  part  in  10^®.  By  coding  the 
ranging  bursts  the  satellite  position  can  be  broadcast 
to  all  other  stations  in  the  network. 

The  above  process  presupposes  that  each  station 
can  receive  its  own  transmissions.  For  spot-beam 
satellite  this  is  not  generally  the  case  and  it  is 
thus  necessary  to  modify  the  approach.  Consider  now  a 
pair  of  earth  stations  in  different  spot  beams. 

Station  A  transmits  a  burst  to  the  satellite  which  is 
routed  to  station  B,  station  B  acknowledges  by  sending 
a  burst  back  through  the  satellite  to  station  A. 

Station  A  measures  the  time  duration  between  trans¬ 
mission  of  its  burst  to  reception  of  B's  burst. 

Station  A  can  now  predict  that  the  satellite  lies  on 
the  surface  of  an  ellipsoid  of  rotation  with  A  and  B 
as  focii.  Ranging  to  two  other  stations  of  type  B 
forms  two  other  ellipsoids  each  having  A  as  one  focus. 
The  satellite  is  again  accurately  located  as  the 
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intersection  of  three  ellipsoids.  Station  A  now  has 
all  the  required  information  and,  by  suitably  coding 
its  ranging  bursts,  can  broadcast  this  information  to 
all  other  stations  in  the  network. 

The  CENSAR  System 

The  CENSAR  (CENtralized  Synchronization  And 
Ranging)  system  is  a  new  method  of  time-division 
multiple-access  synchronization  for  spot  beam  applica¬ 
tion  using  the  concept  outlined  above. 

The  system  offers  centralized  control  and  ranging 
data  processing.  The  synchronization  equipment  at  the 
remote  stations  is  thus  quite  simple  and  hence  there 
is  a  potential  cost  benefit  over  other  TDMA  synchroni¬ 
zation  systems.  In  addition  the  CENSAR  system  is 
highly  efficient  requiring  guard  times  less  than  20  ns 
and  small  burst  preamble  overhead.  The  potential  frame 
efficiency  (defined  as  the  ratio  of  time  allocated  to 
message  information  to  the  total  frame  time) ,  assuming 
no  coding  or  postamble  requirements  and  traffic  quality 
satellite  channels,  has  beer,  computed  at  97%  for  30 
accesses  using  the  minimum  possible  frame  length  of 
125  ps.  Higher  efficiency  would  result  for  a  longer 
frame;  e.g.  for  a  750  ps  frame  and  30  accesses  the 
efficiency  would  be  99.5%.  The  cost  is  in  increased 
buffer  memory. 

An  experiment  with  the  Hermes  satellite  was 
designed  to  test  the  CENSAR  concept.  Equipment  was 
designed  and  constructed  by  Canadian  Marconi  Company 
to  CRC  specifications  for  this  purpose. 

The  system  specifications  were  set  to  be  compati¬ 
ble  with  the  constraints  imposed  by  Hermes  and  by  the 
small  portable  earth  station  antennae  which  were 
designed  primarily  for  TV  reception  and  have  limited 
communication  capability  in  the  transmit  mode.  These 
stations  are  used  in  a  variety  of  experiments,  both 
technical  and  social. 

Five  terminals  were  specified  and  constructed; 
these  consist  of: 

1.  a  central  control  terminal; 

2.  three  ranging  terminals;  and 

3.  an  associate  terminal  with  both  ranging  and 
simulated  message  capabilities. 

The  required  software  is  implemented  on  a  PDF 
11-40  computer  at  the  central  control  terminal  and  an 
auxiliary  PDP  11-10  computer  at  the  associate  terminal; 
the  latter  may  subsequently  be  replaced  by  a 
microprocessor. 

The  software  provides  all  the  processing  and 
real-time  computations  through  a  set  of  algorithms^ 
using  double  precision.  The  system  can  be  reconfigured 
from  the  central  control  and  a  simple  teletype  order- 
wire  is  Incorporated  into  the  system. 

An  offshoot  of  the  synchronization  experiment  is 
an  orbit  perturbation  study  which  capitalizes  on  the 
high  resolution  of  the  range  measurement  process  to 
produce  satellite  orbit  data  for  subsequent  off-line 
analysis. 

Description  of  the  Principles  of  the  Experimental  System 

The  central  control  terminal  and  the  three  ranging 
terminals  operate  together  to  measure  the  position  of 
the  satellite.  The  fifth  c  associate  terminal  repre¬ 
sents  one  of  the  many  user  terminals  in  an  operational 


system  and  constitutes  a  system  check.  A  diagram  of 
the  terminal  configuration  is  shown  in  Figure  4. 

Hermes  has  two  steerable  spot-beam  antennae  and 
two  transponder  channels.  During  the  TDMA  experiment, 
one  spot-beam  illuminates  the  control  terminal  and  one 
spot-beam  illuminates  all  other  terminals. 

A  common  time-base  is  transmitted  from  the  commun¬ 
ications  control  terminal  via  the  satellite  to  all 
terminals  in  the  system  (Figure  5).  At  all  other 
terminals  a  receiver  is  phase-locked  to  this  time-base 
to  an  accuracy  of  2  ns  +  C.2  ns.  The  signals  from  all 
other  terminals  pass  through  a  second  channel  to  the 
control  terminal.  These  latter  signals  are  allotted 
specific  time  slots  so  that  there  is  no  mutual  inter¬ 
ference  (Figure  6) , 

The  channel  used  to  transmit  the  time-base  is 
called  the  control  channel.  By  coding  the  time-base 
signal  the  control  channel  also  transmits  the  location 
of  the  satellite  and  other  control  information. 

The  system  time-base  is  periodic  with  period  of 
640  milliseconds.  This  value  was  chosen  to  be  greater 
than  the  two-hop  delay  (which  is  approximately  520  ms) 
to  permit  range  measurement  and  allow  sufficient  time 
for  computation.  Each  period  is  called  a  cycle 
(equivalent  to  a  super-frame) .  It  consists  of  5120 
frames  each  with  a  duration  of  125  microseconds.  The 
first  15.2-ns  pulse  in  the  first  frame  of  the  cycle  is 
called  start-of-cycle.  When  the  time-base  is  received 
at  a  ranging  terminal  'i'  (i  =  2,  3,  4),  the  start-of- 
cycle  will  be  delayed  exactly  Tl  +  Ti  seconds  from  the 
start-of-cycle  in  the  control  terminal,  where  T3  is  the 
propagation  delay  from  the  control  terminal  to  the 
satellite  and  T3  is  the  delay  from  ranging  terminal 
'i'  to  the  satellite. 

The  control  terminal  transmits  estimated  values 
of  Ti+Ti,  Tj+Tj,  Tj+T3 ,  Tj+T4.  Ranging  terminal  '1' 
receives  this  signal,  regenerates  the  system  time-base 
using  the  received  start  of  cycle  and  transmits  a 
time-mark  pulse  burst  at  2(Ti+T^)-Kj  seconds  in 
advance  of  the  next  received  time-base  start-of-cycle 
signal  (where  the  Ki  are  fixed  constant  delays) .  If 
the  control  terminal  has  estimated  T]+T3  correctly, 
the  time-mark  from  the  ranging  terminal  will  arrive  at 
the  control  terminal  K3  seconds  after  the  start-of-cycle. 
Suppose  the  initial  estimate  of  Ti+Tj  by  the  control 
terminal  is  too  large  by  an  amount  A,  then  the  time-mark 
will  arrive  at  the  control  terminal  K1-2A  seconds  after 
the  start-of-cycle.  This  is  measured  by  the  control 
terminal.  The  time  estimate  Tj+T^  is  then  adjusted 
until  the  time-mark  received  from  terminal  'i'  falls 
into  a  pre-asslgned  time  slot. 

The  value  of  the  propagation  times  are  not  expected 
to  change  by  more  than  +0.25%  because  of  the  near¬ 
geostationary  nature  of  the  satellite.  Therefore, 

Tf+Ti  can  always  be  expressed  as  a  large  fixed  portion 
and  a  small  variable  portion.  Only  the  variable 
portion  needs  to  be  transmitted. 

The  control  terminal,  having  measured  the  three 
two-hop  delays  and  knowing  the  location  of  the  ranging 
terminals,  can  calculate  the  position  of  the  satellite 
and  thus  its  own  up’-link  delay”.  (This  quantity 
cannot  be  measured  directly  since,  for  spot-beam 
application,  the  control  terminal  cannot,  in  general, 
receive  its  own  transmission.) 

The  propagation  delay  of  a  signal  transmitted 
from  the  associated  terminal  (1*5)  to  the  control 
terminal  via  the  satellite  is  calculated  as  a  weighted 
sum  of  the  delay  times: 
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where  Che  d's  are  fixed  constants  related  to  the  geo¬ 
graphical  location  of  the  aaaociated  terminal,  ranging 
terminals  and  control  terminal.  The  associated 
terminal  must  advance  Its  transmission  by  2(Tj+T5)-K5 
seconds  relative  to  Its  received  time-base  where  K5  la 
a  specified  constant  delay. 

Hence,  theoretically,  a  burst  of  signal  trans¬ 
mitted  from  the  associated  terminal  will  arrive  at  the 
control  terminal  precisely  within  an  assigned  time 
slot.  A  number  of  associated  terminals  can  be 
accommodated  without  changing  the  basic  nature  of  the 
system. 

System  Time-Base  Hierarchy 

The  master  time-base  in  the  control  terminal  Is 
derived  from  a  crystal  standard  operating  at  a  frequen¬ 
cy  of  65.536  KHz.  Pulses  are  generated  from  this 
time-base  to  clock  the  control  channel  bursts  which 
are  transmitted  via  the  satellite  to  all  stations. 

The  time-base  hierarchy  Is  listed  In  Table  1. 

TABLE  1 

Time-Base  Hierarchy 


Duration  Frequency 


1  transmission  bit 

15.26  ns 

65.536  MHz 

1  channel  -  8  bits 

122.09  ns 

4.096  MHz 

1  frame  -  1024  ch. 

125  ps 

8  kHz 

1  control-bit  “  16  frames 

2  ms 

500  kHz 

1  cycle  •  320  control-bits 

640  ms 

1.5625  Hz 

The  Control  Channel 

The  control  channel  is  a  binary  channel  that 
carries  control  and  synchronization  Information  from 
the  control  terminal  to  all  terminals  in  the  system. 

This  channel  has  the  following  functions: 

1.  distribution  of  system  timing; 

2.  distribution  of  satellite  position  information; 

3.  distribution  of  control  Information. 


Figure  7  shows  the  relationship  between  the 
various  subsystems  In  each  terminal  and  the  inter¬ 
connection  between  the  terminals. 

The  control  terminal  has  several  important 
functions: 

1.  It  generates  and  distributes  the  time-base 
for  the  entire  system; 

2.  It  measures  the  two-way  delays  from  each  of 
the  three  ranging  terminals  to  the  control 
terminal; 

3.  It  calculates  the  satellite  position.  (These 
calculations  are  performed  by  a  computer 
located  in  the  control  terminal.) 

4.  It  transmits  positional  information  and 
control  cosmands  through  the  control  channel 
via  the  satellite  to  all  terminals  of  the 
system. 

The  three  ranging  terminals  transmit  in  time 
sequence,  each  one  transmitting  in  an  assigned  quarter 
of  the  cycle.  Hence,  the  distance-measuring  equipment 
in  the  control  terminal  can  be  time-shared  since  the 
transmission  from  each  ranging  terminal  can  be  identi¬ 
fied  by  its  time-of-arrival  in  the  cycle.  The 
distance-measuring  scheme  requires  the  control  terminal 
to  operate  in  co-ordination  with  each  ranging  terminal 
in  a  closed  loop. 

The  distance-measuring  equipment  in  the  control 
terminal  measures  the  two-way  transmission  delay  to 
each  of  the  ranging  terminals  in  three  steps.  Each 
step  for  each  terminal  occupies  a  pre-assigned  portion 
of  the  cycle.  The  first  step,  called  "fine",  measures 
the  delay  modulo  15.26  nanoseconds  to  a  resolution  of 
+$  nanosecond.  The  second  step,  called  "bit",  measures 
the  delay  modulo  125  microseconds  with  a  resolution  of 
+1  transmit  bit  (+15.26  nanoseconds).  The  third  step 
Is  called  "frame"  and  measures  the  delay  to  a  resolu¬ 
tion  of  125  microseconds. 

Ranging  Terminal.  The  function  of  the  ranging 
terminal  is  to  act  in  conjunction  with  the  communica¬ 
tions  control  terminal  to  measure  the  two-way  delay 
from  the  control  terminal  to  the  ranging  terminal  and 
back. 


The  control  channel  occupies  the  first  31  bits  of 
each  frame  (473  nanoseconds  every  125  microseconds). 

In  this  time-slot,  one  of  two  31-bit  codes  is  trans¬ 
mitted.  These  codes  are  called  mark  or  space  respec¬ 
tively.  These  codes  have  been  specifically  selected 
such  that  bit  transitions  in  the  code  can  be  extracted 
by  the  ranging  and  associated  terminals  to  give  symbol- 
timing.  The  time  between  successive  code  bursts  is 
exactly  125  microseconds  so  that  frame-timing  can  also 
be  extracted. 

By  suitable  coding  techniques  a  binary  message  can 
thus  be  transmitted.  This  message  contains  information 
on  the  variable  portions  of  the  four  propagation  delays, 
the  four  relative  velocities  (used  for  linear  predic¬ 
tion),  system  status,  as  well  as  providing  control  and 
order  wire. 

The  high  level  of  coding  redundancy  ensures  an 
extremely  low  error  rate  in  the  detected  information^ - 
The  equivalent  information  rate  is  only  350  bits/s. 
representing  a  net  redundancy  factor  of  over  700. 


Associated  Terminal.  The  associated  terminal 
represents  one  of  many  communications  terminals  possible 
in  the  system.  The  four  range  delays  received  from  the 
control  terminal  are  entered  into  a  computer  in  the 
associated  terminal.  The  computer  uses  these  numbers, 
together  with  the  fixed  multiplying  coefficients  'd'  to 
calculate  the  propagation  delay  to  the  control  terminal. 
This  value  of  the  delay  is  used  to  Initiate  a  message 
sequence  starting  at  the  specified  point  in  the  time- 
base.  In  an  operating  system  the  function  of  the 
associate  terminal  computer  can  be  performed  by  a 
microprocessor. 

In  the  experimental  system  the  associate  terminal 
can  also  perform  the  function  of  a  ranging  terminal. 

The  difference  between  the  measured  and  the  calculated 
range  provides  a  system  check. 

Phase  I  Experiment 

The  synchronization  experiment  consists  of  2 
phases;  the  first  phase  was  completed  in  1976  and  the 
second  phase  is  currently  in  progress 


The  first  phase  of  Che  experiment  incorporated  a 
central  control  station  In  Ottawa,  Ontario  and  a  sepa¬ 
rate  facility  also  in  Ottawa  for  the  associate  terminal. 
The  three  ranging,  terminals  were  located  in:  (1) 

London,  Ontario;  (2)  Rouyn-Noranda,  Quebec;  and,  (3) 
Quebec  City,  Quebec.  These  latter  installations 
together  with  the  main  station  in  Ottawa  were  shared 
with  other  experiments  during  the  experiment  interval. 
The  scheduled  time  consisted  of  two  or  three  hours 
every  other  day  for  a  period  of  just  over  two  months 
during  which  time  the  equipment,  interfaces  and  soft¬ 
ware  were  checked  out  and  satellite  positional  data 
logged  for  future  analysis. 

Phase  I  Results 

It  was  found  necessary  at  the  beginning  of  the 
experiment  to  "commission"  the  system  -  i.e.  to  refine 
some  of  the  approximations  of  equipment  and  cable 
delays  and,  in  some  cases,  to  refine  the  initial 
estimates  of  site  locations  since  it  was  not  always 
possible  to  survey  the  site  with  the  equipment  in-situ. 
After  commissioning,  the  measurement  error  -  equivalent 
to  the  guard  time  required  between  bursts  -  was  found 
to  be  less  than  15  ns  (Figure  8) . 

As  an  example  of  the  propagation  error  reduction. 
Figure  9  shows  the  measured  diurnal  variation  for  a 
24  hour  period  and  the  corresponding  CENSAR  system 
error  on  a  different  scale.  It  can  be  seen  that  a 
reduction  factor  of  almost  10-*  has  been  achieved. 

Further  reduction  is  possible  with  additional  proces¬ 
sing  but  is  not  warranted  for  the  present  applications. 

The  prediction  error  consists  of  basically  two 
components  (1)  a  diurnal  sinusoidal  component  of  peak- 
to-peak  amplitude  of  +4  ns  which,  with  sufficient 
history,  is  predictable  and  could  therefore  be 
reduced  and  (2)  a  noise  component  with  peak-to-peak 
amplitude  of  +1.5  ns.  Some  of  the  contributing  factors 
to  this  fine  structure  were  anticipated  or  have  been 
recently  Identified  and  these  could  also  be  reduced  in 
future  implementation.  In  addition  to  these  components, 
the  contribution  from  atmospheric  conditions  can  be 
predicted  with  reasonable  accuracy  from  easily  measured 
parameters  at  each  ground  station  -  namely  pressure, 
temperature,  humidity  and  antenna  elevation  angle.  It 
has  been  calculated  that  this  contribution  would  amount 
to  about  +2  ns  over  a  year.  The  contribution  to  range 
error  from  rain  is  small  and  probably  not  worth  the 
engineering  effort  and  expense  to  try  to  compensate 
for.  The  contribution  from  the  electron  content  of  the 
ionosphere  is  frequency  dependent  and,  for  the  conven¬ 
tional  4  and  6  GHz  satellites,  is  quite  significant. 

At  12  and  14  GHz  the  contribution  is  less  than  +2  ns 
about  nominal  at  southern  Canadian  latitudes  depending 
on  time  of  day,  sun  spot  activity,  etc.  The  electron 
content  is  a  relatively  difficult  quantity  to  measure 
and  also  difficult  to  predict  with  any  conf Hence,  and 
thus  it  is  unlikely  that  this  effect  can  be  compensated 

The  CENSAR  measurement  resolution  is  less  than  one 
nanosecond  which  corresponds  to  about  5  parts  in  1011. 
The  absolute  accuracy  of  ranging  is  not  known  since 
there  is  nc  universally  accepted  yardstick  but  it  is 
estimated  that  the  accuracy  is  at  least  as  good  as  any 
other  existing  ranging  scheme  Figure  10  shows  a  real 
time  measurement  of  the  ranges  to  twe  stations,  thl:) 
plot  indicates  the  1  ns  resolution  and  the  fact  that, 
since  the  satellite  is  mc.v;  c-  ir.  three  !  linens  lens ,  the 
maximum  range  <*i.7!  -v-cu:  ' r  slightly  different  times 
for  different  grr  unc •  st."  ,.ons  (It  was  not  possible 
hr.  include  all  .-  pc  _,n  this  plot  Siuct  the 
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The  TDMA  system  overhead  as  mentioned  previously 
.onsisls  primarily  of  the  guard  time  between  bursts, 
and  the  burst  pre-  and  post-amble.  From  the  above 
measurements  and  from  prediction  of  contributions  of 
factors  such  as  the  built-in  implementation  errors,  the 
electron  content  of  the  ionosphere,  etc.  a  guard  time 
between  bursts  of  20  ns  is  generous7.  Clock,  symbol 
timing  and  frame-synch  recovery  is  built  into  the  system 
and  thus  the  burst  preamble  is  relieved  of  these  func¬ 
tions  and  may  be  significantly  reduced  over  other  forms 
of  TDMA.  The  ranging  bursts  take  up  a  very  small 
portion  of  the  frame  and  have  an  insignificant  effect 
on  the  frame  efficiency.  The  overhead  for  CENSAR  is 
thus  very  small  and  this  system  promises  a  high 
efficiency  communication  capability.  The  centralized 
synchronization  concept  has  been  proved  valid  and, 
since  the  remote  ranging  and  associate  stations  are 
relatively  simple,  practical  implementation  should  be 
economic. 


Phase  II  Experiment 

The  second  phase  of  the  experiment  has  separate  spot 
beams,  a  larger  baseline  for  Increased  resolution,  and 
minor  modifications  and  Improvements  to  both  hardware 
and  software  which  resulted  from  the  first  phase 
experience.  In  addition  atmospheric  conditions  at  each 
location  are  monitored.  It  is  hoped  to  correlate  the 
delay  variations  with  these  atmospheric  conditions. 

This  phase  has  stations  in  Ottawa  in  Eastern  Ontario, 
Thunder  Bay  in  North-Western  Ontario,  and  Winnipeg, 
Brandon  and  Thompson  all  in  Manitoba  (Figure  4) . 

Future  of  Satellite  Communication  and  TDMA 


As  can  be  seen  from  the  above  and  from  many  other 
studies1’"  time-division  multiple  access  of  a  communi¬ 
cations  satellite  is  a  viable  technique  offering  great 
promise  for  highly  efficient,  versatile,  flexible,  and 
ultimately  very  economic  communication.  Further 
advances  both  in  satellite  technology  In  general  and 
in  TDMA  systems  In  particular  are  foreseen. 


The  current  generation  of  satellites  operate  at 
4  and  6  GHz  and  consist  basically  of  up  to  12  frequency- 
translating  amplifiers  each  with  bandwidths  of  the 
order  of  40  MHz.  The  antenna  coverage  Is  global  (in 
fact  only  30%  of  the  earth  is  visible)  and  the  transmit 
power  Is  limited  by  the  available  prime  power  which,  on 
spin-stabilized  satellites,  is  derived  from  solar  cells 
on  the  cylindrical  body  of  the  spacecraft.  Such 
satellites  have  no  on-board  processing  and  are  trans¬ 
parent  to  the  type  of  modulation  used.  Fairly  large 
earth  station  antenna  are  required  and  these  must  be 
located  remote  from  centres  of  population  to  avoid 
interference  with  terrestrial  microwave  facilities. 

This  necessitates  expense  back-haul  facilities . 


The  next  generation  of  satellites  will  operate  at 
12  and  14  GHz  with  transponder  bandwidths  up  to  500  MHz. 
Spot  beam  coverage  and  dual  polarization  permit  power 
concentration  and  frequency  re-use.  Spacecraft  will  be 
three-axis  stabilized  and  derive  primary  power  from 
extendable  solar  sails  which  arc  nor  limited  bv  the 
dimensions  of  the  spacecraft  body .  The  resulting 
high,  availap-.  ,  owei .  beam  concentration.  i.\  a 
frequonev  allocation  that  does  net  H  North  Amcri'-a. 
interfere  with  errestnai  microwave  permit  small  > 
earth  stations  w:.jo„  .o..  ...  :  for  ix.,u;..,. 

the  roof  of  telephone  compact  centra',  offices  e.:.i . 

the  need  for  back-haul  facilities.  dermci  i 
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In  Che  planning  stage  are  satellites  with  on-board 
dynaalc  switching  which  can  be  synchronized  to  the  TDMA 
system  permitting  several  bursts  from  one  station  to  be 
routed  via  different  down-link  spot  beams  to  several 
geographically  displaced  ground  stations.  Equivalent 
routing  in  a  frequency-division  multiple-access  system 
is  virtually  impossible  due  to  the  weight  of  the 
required  channel  filters.  Also  planned  are  satellites 
with  the  capability  of  signal  regeneration  and  remodu¬ 
lation  geared  to  specific  signal  formats  so  that 
the  overall  system  can  be  optimized. 

In  conjunction  with  these  developments  TDMA  systems 
are  planned  to  operate  at  higher  speed  with  features 
such  as: 


1.  demand  assignment  whereby  the  available 
capacity  is  assigned  according  to  the  traffic 
requirements  at  that  instant; 

2.  digital  speech  interpolation  which  utilizes 
the  quiet  periods  between  words  and  whilst 
the  other  party  is  talking  to  interleave  other 
voice  signals  thus  doubling  the  available 
capacity;  and 

3.  sophisticated  coding  techniques  permitting 
error  correction. 

On  the  horizon  are  satellites  operating  at  18  and 
30  GHz,  satellite  constellations  with  intersatellite 
links  -  probably  via  laser,  the  TDMA  synchronization 
function  taken  over  by  the  satellite,  and  the  capabi¬ 
lity  of  handling  bursts  of  different  bit-rates  in  the 
same  transponder.  These  developments  will  be  accom¬ 
panied  by  increased  emphasis  on  digital  terrestrial 
communications  probably  involving  a  much  larger  variety 
of  communications  services  than  is  available  today. 

References 


1.  P.P.  Nuspl,  K.E.  Brown,  W.  Steenaart, 

B.  Ghicopoulos,  "Synchronization  Methods  for 
TDMA",  Proceedings  of  IEEE,  March  1977. 

2.  R.K.  Kwan,  "The  Telesat  TDMA  System", 
International  Conference  on  Communications, 
1975,  San  Francisco,  pp.  44-1  to  44-5. 

3.  "Statement  of  Work  for  Time-Division  Multiple- 
Access  Test  Bed",  INTELSAT,  August  1976,  Tech. 
Rep.  RFP-15-836,  Exhibit  A. 

4.  W.G.  Schmidt,  "The  Application  of  TDMA  to  the 
Intelsat  IV  Satellite  Series",  COMSAT  Technical 
Review,  Vol.  3,  pp.  257-274,  Fall  1973. 

5.  R.  de  Buda,  "Synchronization  for  TDMA  Experi¬ 
ments",  CGE  Technical  Information  Series 
RQ72EE4,  June  1972. 

6.  P.P.  Nuspl,  R.  de  Buda,  "TDMA  Synchronization 
Algorithms",  Conf.  Rec.  EASCON'74,  Washington, 
D.C.,  October  1974. 

7.  P.P.  Nuspl,  N.G.  Davies,  R.L.  Olsen,  "Ranging 
and  Synchronization  Accuracies  in  a  Regional 
TDMA  Experiment",  International  Conference 
on  Digital  Satellite  Communication  -  3,  1975, 
Kyoto,  Japan,  pp.  292-300. 

8.  R.  Gagliardl,  W.C.  Lindsey,  and  C.C.  Weber, 
"Bibliography  of  Multiple  Access  Systems", 
University  of  Southern  California,  Interim 
Technical  Report  No.  DOT-TSC-414-1,  September 
1972. 


470 


Figure  Is  One  Way  Satellite  Link 
—  Geo-stationary  Orbit 


Figure  3  Typical  Frame  Format. 


Figure  4  Area  Coverage  of  CTS  Spot  Beam  for  Phase  II  of  the  CENSAR  Experiment. 


Figure  5:  CENSAR  Transmit. 

Figure  5  CENSAR  Transmit. 


Figure  6  CENSAR  Receive. 
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Figure  7  Block  Diagram  of  CENSAR  System. 
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Figure  8:  Error  In  Calculated  Delay. 


Figure  8  Error  in  Calculated  Delay 
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FREQUENCY  CONTROL  AND  TIMING  REQUIREMENTS 
FOR  COMMUNICATIONS  SYSTEMS 
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Recent  evolutions  of  requirements  for  frequency 
control  e;nd  timing  in  commercial  communications 
systems  are  reviewed.  The  trend  towards  more  stringent 
specifications  is  illustrated  by  means  of  two 
different  examples:  wideband  analog  transmission  using 
frequency  division  multiplex  (FDM)  and  digital  net¬ 
works  using  time  division  multiplex  transmission  (TDM) 
and  time  ordered  switching.  In  both  cases  improved 
performance  is  required  due  to  the  impact  of  data 
communications . 

In  FDM  systems  the  emphasis  is  on  the  phase  noise 
spectral  density  S .(f)  for  f-values  in  the  voice 
frequency  range  300  to  3400  Hz,  Typical  values  of 
120  dE  below  1  (radian)2  are  under  discussion  for 
individual  signal  sources. 

In  digital  networks  the  emphasis  is  on  timing 
properties  of  the  network  clocks  and  the  establishment 
and  maintenance  of  synchronism.  In  the  design  of 
extended  networks  the  characteristics  of  the  clocks 
interact  with  the  properties  of  transmission  paths, 
each  introducing  timing  jitter  and  some  systematic 
effects.  Recent  studies  within  the  International 
Telegraph  and  Telephone  Consultative  Committee  (CCITT) 
of  the  ITU  have  resulted  in  recommendations  spe  ifying 
maximum  time  interval  error  (MTIE)  as  a  charact  ristic 
parameter  for  network  clocks.  Interconnection  of 
synchronous  networks  on  the  international  level  is 
provided  by  means  of  plesiochronous  operation  with 
clocks  having  long  term  stabilities  of  1  part  in  10 i' 
or  better. 

The  required  reliability  of  network  timing  is 
to  be  obtained  by  means  of  redundancy  and  proper 
network  organization.  The  relations  between  frequency 
stability  parameters  developed  by  metrologists  and 
those  required  by  the  systems  designers  are  discussed. 
Some  open  questions  point  to  the  need  of  more  dialogue 
and  further  common  studies  among  the  various 
interested  specialists. 

Introduction 


The  purpose  of  this  paper  is  to  review  the 
requirements  on  frequency  control  and  timing  equipment 
used  in  present  and  coming  generations  of  commercial 
communications  systems.  The  emphasis  is  on  the  systems 
applications  of  recent  developments  in  the  field  of 
time  and  frequency  technology. 


The  characteristics  required  from  sources 
generating  stable  and  accurate  frequencies  and  timing 
pulse  sequences  are  determined  by  the  properties  of 
the  system  they  serve. 


Information  bearing  electrical  signals  are 
functions  of  time  and  have  a  spectrum.  The  dualism 
of  time  domain  and  frequency  domain  analysis  1  appears 
quite  naturally  in  the  subject  discussed  here. 

Specific  technical  background  information  on  Frequency 
and  Time  applications  to  communications  systems  can  be 
found  in  two  papers  2,3  published  in  1972  in  a  special 


issue  of  the  IEEE  Proceedings.  It  is  thus  possible 
to  concentrate  our  attention  to  the  evolution  of 
systems  requirements  which  occurred  during  the  past 
five  years.  In  our  case  this  evolution  can  be 
characterized  by  the  impact  of  the  extensive  and 
rapid  development  of  data  communications  on  commercial 
communications  services,  especially  on  the  public 
telephone  network.  This  network  has  sometimes  been 
described  as  being  the  biggest  automatic  plant  in  the 
world.  Its  dimensions  are  indeed  global  and  include 
the  geostationary  orbit  of  communications  satellites. 
In  some  countries  such  as  the  United  States,  Sweden 
and  Switzerland  almost  every  household  has  a  telephone 
Data  traffic  is  only  a  small  percentage  of  telephone 
traffic  now  but  growing  fast  and  in  view  of  the  huge 
investment  in  the  existing  telephone  system  there  is 
a  great  interest  to  use  the  voice  facilities  for  data 
communications  as  well.  Many  ways  are  open  to  achieve 
this  aim. 

Two  examples  can  illustrate  the  current  situation 
regarding  time  and  frequeny  applications  in  this  field 

To  operate  a  communications  system  such  as  the 
public  telephone  network  two  basic  techniques  are 
required: 

Transmission  and  switching.  Transmission  carries 
information  from  point  A  to  point  B  and  vice  versa 
by  any  means  of  wires  or  radio.  Switching  establishes 
the  transmission  link  between  the  two  points  at  the 
time  and  for  the  time  required.  Some  combination  of 
both  techniques  lead  to  the  economically  important 
concept  of  multiplexing,  i.e.  combining  several 
individual  circuits  for  transmission  over  one  single 
link  in  a  network.  Two  main  techniques  for  multi¬ 
plexing  are  known: 

Analog  signals  can  be  translated  in  the 
frequency  domain  and  combined  to  form  channel  groups 
on  the  frequency  axis,  forming  a  wideband  signal. 

At  the  receiving  end,  the  individual  channels  are 
sorted  out  (demultiplexed)  by  means  of  bandpass 
filters.  This  method  is  known  as  "frequency  division 
multiplex"  (FDM) .  Established  for  many  years,  it  is 
still  in  use  on  most  wideband  trunk  lines. 

Digital  signals  are  conveniently  combined 
sequentially  on  the  time  axis,  forming  a  time  division 
multiplex  (TDM)  signal .  Retrieval  of  the  individual 
signals  usually  requires  the  knowledge  of  their 
location  on  the  time  axis.  Thus,  a  problem  of  timing 
or  synchronization  arises  which  could  only  be  avoided 
by  providing  each  signal  with  an  unique  address 
identifying  its  destination  (i.e.  sending  telegrams) . 

Both  cases  offer  almost  an  infinite  variety  of 
possibilities.  The  worldwide  telecommunications 
complex  would  not  have  become  operational  without  the 

*)  Opinions  expressed  in  this  text  are  those  of  the 
author  and  not  necessarily  those  of  the  Swiss  PTT 
Enterprises. 
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long-time  effort  of  international  standardization. 
This  task,  is  in  the  hands  of  the  International 
Telecommunications  Union  headquartered  in  Geneva, 
Switzerland . 


FDM-System  Requirements 

The  translation  of  voice  frequency  signals 
(300  +  3400  Hz)  is  performed  by  means  of  single-side¬ 
band  suppressed  carrier  amplitude  modulation.  The  ^ 
combination  of  the  channels  is  done  in  several  steps 
requiring  various  carrier  frequencies.  The  highest 
capacity  coaxial  cable  system  currently  in  use  has 
a  bandwidth  extending  up  to  about  60  MHz.  In  long 
distance  communications  a  signal  may  be  submitted 
to  a  maximum  of  70  modulation  steps  in  cascade  and  be 
assigned  to  any  channel  in  the  band.  The  carrier 
phase  and  the  phase  of  the  signal  component  add 
directly  at  each  modulator.  Thus,  any  carrier  signal 
frequency  different  from  its  nominal  value  shifts 
the  frequencies  of  the  signal  components  accordingly. 
For  the  purpose  of  maintaining  the  original  pitch  of 
transmitted  voice  and  keeping  the  tolerances  of  audio 
frequency  command  signals  within  convenient  tolerances 
a  limit  of  +_  1  Hz  departure  from  nominal  is  currently 
in  use.  The  highest  carrier  frequencies  in  a  60  MHz 
system  must  therefore  be  accurate  to  +  1,7  parts  in 
108. 


Obviously,  it  is  very  tempting  to  use  the  existing 
and  continously  available  telephone  network  for  data 
transmission.  This  requires  an  interface  unit  (modem) 
between  the  data  processing  equipment  on  each 
subscribers  side  and  the  respective  telephone  lines. 

The  modem  converts  the  digital  data  signal  into 
a  mudulated  audio  carrier  for  transmission  over  the 
telephone  circuit  and  vice  versa.  The  audio  bandwith, 
level,  signal  to  noise  ratio  and  the  allowed  spectral 
characteristics  are  determined  by  international 
standards  established  by  the  Consultative  Committe 
for  Telephony  and  Telegraphy  (CCITT)  of  the  ITU. 5 
Work  towards  optimum  use  of  these  channels  (originally 
designed  for  voice  transmission  and  not  for  data 
transmission)  has  resulted  in  the  use  of  phase-shift- 
keyed  audio  subcarrier  signals.  For  transmission  rates 
of  a  few  kilobits  per  second  four-phase  (QPSK)  or 
eight  phase  digital  modulation  is  used.  Typical  ex¬ 
amples  are  2400  bits/s  QPSK  on  ordinary  switched 
circuits  and  up  to  9600  bits/s  on  high  quality  leased 
circuits.  A  typical  example  is  the  4800  bit/s  modem 
specified  in  the  CCITT  recommendation  V27.^ 

8-phase  PSK  is  used  on  a  subcarrier  of  (1800  ^  1)  Hz. 
Each  of  the  possible  eight  phase  transitions 
corresponds  to  a  defined  3-bit  word. 


RMS  jitter  to  be  allowed  from  the  carrier  generators. 

We  then  may  distribute  this  equally  over  the 
70  generators  assumed  on  a  long  distance  circuit.  The 
noise  from  each  is  not  correlated  to  that  of  the 
others,  at  least  in  the  audio  band  from  300  to  3400 
Hz.  We  thus  obtain  for  each  single  generator: 

6  <_  +_  i —  =  +  0,18°  RMS 

’rms  /To 


The  phase  jitter  must  not  exceed  this  limit  at  the 
highest  carrier  frequency  used,  i.e.  at  6C  MHz. 


It  is  now  easy  to  compute  the  phase  noise 
spectral  density.  Assuming  white  noise  within  the 
bandwidth  B  we  have: 


S.(f)df  -  B*S, 


with  «,  =  0,18  -  3,14 

*RMS 


10  radian 


(1) 


B  =  3100  Hz,  we  obtain 

„  9,87X10  ^  ,,“9  ,  . .  ,  2 

S,  =  -c.-ct —  =  3,184X10  (radian)  ■‘/Hz 

ip  310U  - 

(at  60  MHz) 

In  current  practice,  the  carrier  generator  equipment 
is  driven  by  a  master  frequency  supply  system  which 
generates  a  set  of  basic  frequencies,  e.g.  4  -  12  - 
124  -  440  *  2200  kHz. 

The  layout  of  the  frequency  synthesis  process 
implies  frequency  multiplication  from  2200  kHz  up 
to  about  60  MHz  plus  addition  or  subtraction  of 
multiples  or  submultiples  of  the  other  values.  It 
is  well  known  that  frequency  multiplication  by  a 
factor  n  multiplies  any  phase  fluctuations  by  the 
same  factor  and  thu3  the  phase  noise  spectral  density 
by  n2. 


Even  in  assuming  an  ideal  frequency  multiplier 
from  2200  kHz  up  to  about  60  MHz,  we  must  require 
from  the  basic  2200  kHz  generator  a  spectral  density 
of 

(2. 2  \ 2  -9  -12  2 

X  3,184X10  ■  4,28X10  (radian)  / 

Hz  at  2200  kHz 


Obviously,  phase  jitter  can  lead  to  an  erroneous 
detection  of  a  phase  transition.  The  maximum  allowable 
phase  tolerance  is  +_  22,5  degrees,  since  the  nominal 
eight  phase  angles  differ  by  45  degrees.  Among  the 
many  possible  causeB  of  phase  jitter  that  due  to 
carrier  generator  phase  noise  should  not  be  a  dominant 
one.  Current  estimations  6  of  allowable  random  jitter 
lead  to  a  margin  of  i.  7,5  degrees  peak-to  peak  for 
carrier  noise  contribution.  Assuming  a  normal 
distribution  of  the  phase  angle  and  a  probability  of 
exceeding  the  margin  of  5xl0-7,  the  allowable  RMS 
phase  deviation  is 


It  is  further  assumed  that  this  jitter  is  a  super¬ 
position  of  two  approximately  equivalent  parts,  namely 
that  due  to  noise  in  the  transmission  channel  and  that 
due  to  the  carrier  generator.  This  leaves  about  +  1° 


Expressing  this  v* 1 ue  in  decibels  with  reference  to 
OdB  =  1  (radian!  /Hz,  this  equal  to 

S.  -  10  loq  (4,28X10~12)  -  -113,7  dB  at  2200  kHz 


The  purpose  of  this  example  is  to  give  an  idea 
as  regards  the  orders  of  magnitude  required.  The 
example  is  conservative  in  assuming  the  worst  case  of 
having  all  transmission  sections  on  carrier  frequencies 
near  60  MHz.  On  the  other  hand,  no  margin  has  yet  been 
included  for  frequency  multiplier  and  mixer  noise  in 
the  carrier  synthesis  process. 

For  the  development  of  new  carrier  generating 
equipment  the  Swiss  Post  Office  Issued  a  provisional 
specification  given  in  Fig.  1.  It  includes  a  flet 
portion  from  50  to  (4000  -  c)  Hz  of  -117  dB.  At 
4  kHz  and  abo”e,  this  is  relaxed  to  -83  dB.  Below 
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Su  Hz,  the  limit  is  relaxed  acccrcmc  zc  the  state 
cf  the  art  ir.  crystal  oscillators,  proportional  tc 
f~l  down  tc  1  Hz  and  below  i  Hz.  Test  on  prototype 
equipment  have  shewn  that  this  is  feasible. 

TDM  System  Requirements 

As  long  as  we  deal  only  with  point  to  pcint 
digital  links,  the  synchronization  problem  is  solved 
ty  techniques  known  for  many  years.  Thousands  of  PCM 
systems  are  in  operation  treuahout  the  world 
transmitting  24  voice  channels  at  1544  kbit,  s  tin  the 
USA,  Canada  and  Japan)  or  3C  channels  at  2048  kbit/s 
tin  Europe)  over  a  single  pair  cf  wires.  Ir.  many 
cases  this  technique  has  giver,  a  second  life  tc  cables 
laid  4G  years  ago  or  more. 

A  different  situation  has  evolved  with  the 
development  of  electronic  switching  techniques  and 
entirely  digital  communications  networks.  Again,  some 
distinction  is  to  be  made  between  networks  devoted 
exclusively  to  telephone  traffic  and  those  involving 
data  communications,  due  to  the  fact  that  digitized 
voice  (e.g.  PCM)  is  considerably  more  tolerant  to 
occasional  bit  errors  than  data  -  at  least  if  we  wish 
to  exploit  ir.  the  most  effective  way  the  inherent 
high  data  transmission  capacity  of  a  switched  digital 
network. 

Whatever  the  size  and  complexity  t4"  suer-  •  net¬ 
work  -  conceptually  there  does  not  saeu.  tc  b*  <= 
limit  -  the  question  about  synchronism  is  preset *  b: 
the  mere  fact  that  digitized  informat. on  '  s  tic.-s- 
ordered.  The  degree  o:  synchronism  r.- .pjxre«.  lepf.-ris 
on  the  parameters  and  orgamza tior  of  the  net. work. 

A  slight  lack  of  synchronism  leads  cither  t.o  tne  loss 
or  to  the  duplication  of  seme  inform-vci  r.  - -laments. 
However,  imperfect  synchronism  is  not  the  ..tIv  source 
of  errors  in  such  systems.  Therefore,  ever,  pe  fect- 
synchronization  -  probably  net  feasible  :n  a  ceo- 
graphically  extended  system  -  would  not  solve  ai, 
the  problems. 


clock  operation  does  net  appear  tc  be  the  most  economic 
solution  for  a  larce  switched  network  .  Many 
synchronization  schemes  have  been  gesgri^pc  $cc  .. 
proposed  during  the  past  15  years.  '  ' '  ' 

In  these  proposals  we  car  distinguish  twe  mam  basic 
concepts  of  the  way  in  which  the  clocks  are  ccr.trciiec. 
One  could  be  called  '‘democratic"  since  it  is  based 
or.  mutual  control  cf  all  oscillators  having  the  same 
rank  ir  the  network,  each  taking  its  reference  from^ 
the  average  of  a  number  cf  incoming  signal  streams  1 
1C,  11 #  The  other  method  is  cf  more  hierarchical 
nature,  i.e.  there  is  a  master  clock  which,  controls 
other  oscillators  of  lover  rank  •»  x~.  In  mutual 

control  frequency  averaging)  systems  the  frequencies 
of  the  oscillators  converge  towards  their  average 
value  cr.  the  long  run.  However  this  average  value  is 
not  constant  if  all  clocks  have  the  same  weight  anc 
some  show  drift  (aging)  as  this  will  be  the  case  if 
crystal  oscillators  are  used. 

Introduction  of  oscillators  stabilized  tc  an 
?.•  a.  K  reference  implies  usually  some  form  of 
hier^rr hization,  however,  there  could  still  be  some 
forme  of  mutual  control  should  there  be  a  failure  cf 
-he  atomic  reference. 

Per -crraance ,  reliability,  cost  and  flexibility 
'vj*.  future  growth  are  parameters  to  enter  ir,  the 
*“•  i ••..’in; no  and  design  process.  There  is  a  wealth  of 
ocs^.r.!^  ar.c  a  number  of  good  solutions  but  no  single 
spe.' . :  :  •  method  has  yet  clearly  emerged  ss  being  the 

one 

Discussions  held  during  the  last  five  years  in 
the  framework  of  CCITT  Study  Group  XVIII  (formerly  ^ 
Sp.v  Study  Group  D)  have  led  to  a  recommendation  ** 
which  constitutes  the  level  of  agreement  reached  in 
• ir  leaves  enough  freedom  for  the  organization 
ct  national  networks  but  sets  minimum  standards  for 
the  interfaces  on  the  international  level.  It  excludes 
totally  asynchronous  networks  but  makes  a  clear 
distinction  between  two  classes  of  synchronous 
re* works; 


Only  very  small  systems  can  reiv  n  a  single 
clock  generator.  Its  failure  shuts  duwr.  the  syst  .or. . 

In  any  network  above  the  minimum  sizt  there  are  many 
clock  generators.  Synchronization  always  requires  in 
principle  the  fulfillment  of  two  conditions: 

1.  The  clock  rates  (frequencies)  must  oe 
equal  within  a  specified  tolerance. 

2.  Switching  operations,  i.e.  logical 
transitions  must  occur  at  specific  instants. 

Two  main  factors  act  against  the  preservation  of 
synchronism: 

1.  Clock  imperfections  (adjustment  error,  drift) 

2.  Transmission  delay  variations. 

At  the  receiving  end  of  a  transmission  link  it  is 
not  possible  to  distinguish  between  the  causes  of 
either  effect,  only  their  superposition  can  be  seen. 
Transmission  delay  variations  always  remain  within 
some  bounds  and  buffer  memories  help  to  take  care  of 
them.  The  incoming  data  stream  is  written  into  the 
memory  at  its  own  rate  and  read  out  at  the  rate  of 
the  local  clock.  Obviously,  this  involves  additional 
delay.  If  the  local  clock  is  slow,  the  buffer  over¬ 
flows  and  information  is  lost.  Synchronization, 
i.e.  establishment  and  maintenance  of  synchronism  is 
obtained  by  acting  on  the  clocks  and  on  the  delays. 

Bit  stuffing  (justification)  techniques  acting  on 
the  delays  only  are  used  on  high  capacity  (high 
bit  rate)  point-to-point  transmission  links. 

Exclusive  use  of  stuffing  allowing  asynchronous 


Mr-tworks  m  which  'the  clocks  are  controlled  by 
r.'o.**v'  of  one  of  the  synchronization  schemes  mentioned 
above  are  called  synchronous.  Networks  in  which  the 
master  oscillators  are  not  continuously  controlled 
but  adjusted  within  close  margins  and  of  such  high 
stability  that  there  are  only  very  occasional  slips 
are  called  plesiochronous  (from  greek:  plesios  *  near, 
i.e.  nearly  synchronous) .  On  the  international  level, 
plesiochronous  operation  is  being  envisaged  at  least 
for  an  initial  period,  since  a  binding  agreement  on 
an  unique  control  scheme  is  extremely  difficult  to 
achieve. 

The  general  condition  for  the  international 
network  requires  that  the  rate  of  occurrence  of 
slips  in  any  64  kbit/s  channel  should  not  be  greater 
than  one  in  every  70  days  per  international  exchange 
office.  Furthermore,  where  a  national  network  or  sub¬ 
network  is  controlled  by  a  single  reference  clock  the 
frequency  of  the  clock  must  not  be  affected  by  control 
signals  generated  within  the  national  network  or  sub¬ 
network.  Similar  conditions  apply  to  the  case  of 
mutual  synchronization  between  reference  clocks. 

Detailed  specifications  including  clock  per¬ 
formance  are  given  in  the  form  of  allowable  time  inter¬ 
val  error  (TIE) .  A  time  Interval  error  is  the 
difference  between  a  nominal  interval  separating  two 
instants  generated  by  the  clock  and  the  true  time 
interval  as  determined  by  the  International  standard 
time  scale.  The  recommended  performance  of  the  output 
digit  stream  from  an  exchange  directly  controlled  by 
a  reference  clock  is  given  as  follows  x 
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1.  The  TIE  ovet  any  period  up  to  2*"1  unit 
Intervals  stall  not  exceed  1/8  of  an  unit 
interval.  (Equivalent  frequency  in  accuracy  of 
6xl0-=>) 

2.  The  TIE  over  any  period  of  2  seconds  shall 
not  exceed  200  ns  (Equivalent  frequency 
inaccuracy  of  2xlCT ' ) 

3.  The  TIE  over  any  period  of  50  seconds  shall 
not  exceed  500  ns  (Equivalent  frequency 
inaccuracy  of  lxlO"8) 

4.  The  TIE  over  any  period  of  1000  seconds 

shall  not  exceed  1000  ns  (Equivalent  frequency 
inaccuracy  of  lxlCT^) 

5.  Over  any  period  of  S  seconds,  the  TIE  shall 
not  exceed  (10”2  s  +  20000)  ns.  (Equivalent 
frequency  inaccuracy  of  up  to  1x10“**  plus 

a  maximum  peak  -  to  peak  jitter  of  20000  ns) 

Note  1:  2**  unit  intervals  is  1  ms  at  2048  kbit/s 
and  approximately  1,3  ms  at  1544  kbit/s 

Note  2:  20000  ns  is  approximately  40  unit  inter¬ 
vals  at  2048  kbit/s  and  30  unit  intervals 
at  1544  kbit/s. 

It  is  important  to  keep  in  mind  that  this  specifi¬ 
cation  regards  not  only  the  reference  clock  but  the 
whole  equipment  constituting  the  international  inter¬ 
face.  In  particular,  it  comprises  some  margin  to  allow 
short  term  time  interval  departures  required  for  the 
operation  of  synchronization  systems.  The  term  "shall 
not  exceed"  should  be  completed  by  a  statement  of 
'very  low)  probability  of  violation. 

The  time  interval  error  as  defined  above  can  be  re¬ 
lated  tc  the  clock  oscillator  parameters  used  in  the 
field  of  time/  frequency  metrology  as  fellows: 

If  the  clock  s  normalized  frequency  departure 
("fractional  frequency  offset")  y(t)  defined  in  the 
literature  *5 *  *^  is  known,  the  TIE  accumulated 
between  the  instants  and  t^+T  on  the  reference 
time  axis  is  giver  by 

rV1 

*  (tk'T)  =  /  y(t)dt  «  x(tk+T)  -  x(tk)  (2) 

On  the  other  hand,  any  measurement  of  y(t)  cannot 
be  made  directly,  but  only  in  the  form  of  samples 
averaged  over  a  finite  time  interval  t  and  this  is: 

y<tk,T)  =  7x<v  T)  (3) 

Repeated  measurements  of  this  quantity  lead 
quite  naturally  to  the  computation  of  the  average 
TIE  and  this  is  simply  related  to  the  two  sample 
(Allan)  variance 

°y  (T>  “  (x(ck+T,T)-x(tk,t))2^>  (4) 


assuming  that  the  TIE  samples  are  normally  distributed. 

The  last  assumption  calls  for  some  caution: 
Frequency  drift  is  to  be  excluded,  i.e.  its  effects 
should  be  small  compared  tc  the  random  fluctuations. 
Furthermore,  as  the  specification  comprises  not  only 
clock  errors  but  also  timing  variations  due  to  other 
system  characteristics,  it  would  not  be  wise  to  use 
up  all  the  allowed  margin  by  clock  instabilities. 


Fig.  2  gives  an  idea  about  the  possibilities  to 
accomodate  state  of  the  art  clock  performance  within 
the  recommended  specifications.  The  solid  line 
reproduces  the  TIE  limits  recommended  in  CCITT  G.811. 
The  dashed  line  (1)  shows  a  (t)  derived  by  using 
eq.  (5)  on  published  manufacturer's  specifications 
of  typical  commercial  cesium  stabilized  oscillators. 
The  dashed  line  (2)  shows  an  example  of  a  possible 
failure  mode  of  the  reference  clock:  Removal  of  the 
cesium  reference  and  continuing  operation  with  a 
good  crystal  oscillator  which  ages  3  parts  in  10** 
per  day.  The  TIE  specification  would  be  violated 
after  33  hours.  This  leaves  enough  time  for  re¬ 
placement  of  the  defective  unit.  It  is  however  an 
open  question  whether  all  or  part  of  the  allowed 
20  microsecond  margin  can  be  used  in  such  a  case. 

Since  a  total  failure  of  the  timing  system  leads 
to  the  disruption  of  high  traffic  capacities,  maximuir 
reliability  is  at  least  as  important  than  specified 
timing  performance.  For  a  typical  international  ex¬ 
change  the  required  mean  time  between  total  system 
failures  should  be  at  least  of  the  order  of  50  years 
supposing  normal  preventive  maintenance.  There  is 
still  some  discussion  about  how  the  reliability 
should  best  be  defined  but  the  figure  cited  appears 
realistic  on  the  basis  of  past  experience  with  FDM 
carrier  frequency  generators  operating  in  the 
author's  country 

Proper  network  organization  is  a  major  factor 
for  achieving  high  operational  reliability.  A  large 
system  must  not  depend  exclusively  cr.  one  single 
timing  center  but  split  up  into  'regions.  These  must 
be  capable  to  remain  operational  despite  failures 
affecting  adjacent  regions.  Regional  centers  will  be 
equipped  with  master  oscillator  supplies  comprising 
at  least  two  redundant  units. 18  In  Switzerland  the 
long  distance  network  comprises  about  50  regional 
centers  having  each  its  carrier  generator  supply  for 
FDM  systems.  The  future  TDM  systems  will  of  course  be 
intergrated  into  the  existing  facilities.  There  is  no 
firm  commitment  yet  as  to  how  many  of  the  50  stations 
will  be  designated  as  reference  stations  with  cesium 
stabilized  master  oscillators  but  there  will  be  more 
than  one.  All  centers  are  already  linked  by  a  re¬ 
ference  frequency  supply  system  which  is  currently 
being  reevaluated  for  modernization. 


We  then  may  write; 
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(5a) 


using  the  relation  between  the  two  sample  variance 
and  the  second  phase  structure  function  introduced 
by  Lindsey  and  Chie  l6.  To  the  extent  in  which  it 
ie  allowed  to  predict  future  behaviour  from  past 
performance  we  may  uae  a  (t)  as  a  pradicted  RMS  TIE, 


One  area  requiring  more  study  is  the  remote 
control  of  reference  frequency  generators  via  digital 
links.  Some  recent  results  of  jitter  measurements  on 
2048  kbit/s  lines  containing  up  to  several  hundreg 
regenerating  repeaters  in  cascade  are  available  1  but 
there  is  still  a  need  of  more  experimental  data  on 
various  systems. 

Conclusion: 

The  review  of  work  published  during  the  past 
fifteen  years  on  the  subject  of  time  and  frequency 
and  communications  technologies  seem9  to  indicate 
that  considerable  work  has  been  done  in  parallel 
without  very  much  dialogue  between  specialists  in 
the  two  fields.  Now  this  situation  appears  to  have 
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char.gfcc  ccr.sideratly  arc  the  examples  rave  teen  cis-  (17)  K.c.  Lindsey  and  C.M.  chie,  "Theory  cf  Oscillator 

cussec  here  as  ar.  attempt  tc  tnr.g  the  two  cisciplir.es  Instability  Based  upon  Structure  Functions, 

r.cre  closely  together.  Much  work  retains  tc  he  done  Proc.  ieee,  Vol .  64,  No  12,  pp  1652-1666 

ar.d  this  points  to  an  exciting  cci rmon  future.  (December  1576) 

(18)  E.P.  Graf  unc  E.  Walther,  "Generation  cf  base¬ 
band  frequencies  for  FDM  and  TOM  Teieeomouni- 
cations”,  elsewhere  in  these  proceedings 

(15)  A.  Kaeser,  "Quelques  mesures  de  taux  d'erreur 

et  de  gigue  er.  ligne  sur  les  systfemes  4  2  Mbit/s 
sur  cibles",  Bulletin  Technique  PTT  (Suisse), 

Vol.  54,  pp.  42B-43C  (November  1976) 
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The  introduction  of  new  techniques  in  te¬ 
lecommunications  has  created  particularly  de¬ 
manding  specifications  on  the  quality  of  base¬ 
band  frequencies.  The  long  term  (t  >  100  s) 
stability  of  the  master  clock  must  be  less 
than  1  x  10-11.  Moreover,  the  different  base¬ 
band  frequencies  must  have  a  spectral  purity 
for  Fourier  frequencies  from  100  Hz  to  4  kHz 
which  can  only  be  achieved  by  high-quality 
quartz  crystal  oscillators. 

A  new  development  which  meets  these  re¬ 
quirements  as  well  as  those  of  reliability  and 
redundancy  demanded  by  telecommunications  sys¬ 
tems  is  described. 

Introduction 

The  ensemble  of  base-band  frequency  ge- 

•  orators  must  supply  the  needs  of  a  ccmmuni- 

•  ^tions  center  with  6  FDM  and  3  TDM  frequen¬ 
ces,  according  to  very  high  specifications. 

",  modular  construction  permits  equipping  the 
frequency  generating  rack  in  a  partial  or  com¬ 
plete  fashion,  to  synchronize  the  signals  by 
•oe  distribution  of  an  external  reference  fre¬ 
quency  or  to  generate  the  reference  frequency 
locally  with  the  aid  of  a  cesium  standard. 

Each  output  frequency  is  derived  from  a 
quartz  oscillator,  contained  in  the  generator 
synthesizer  module,  and  each  module  provides 
either  15  or  25  isolated  outputs  according  to 
the  frequency.  For  reasons  of  redundancy, 
there  are  two  generator-synthesizer  modules 
for  each  frequency;  all  units  are  in  turn  ser- 
voed  to  a  5  MHz  internal  reference.  Thus  a 
completely  equipped  rack  will  have  a  total  of 
«2C  outputs  as  follows: 

2x15  outputs  at:  440  kHz 

2.13b  MHz 
2.2  MHz 
2.048  MHz 


outputs  at 


:  4  kHz 

12  kHz 
124  kHz 
4.096  MHz 
16.896  MHz 
5  MHz 


Dual  power-supplies  connected  by  "or" 
diodes  as  well  as  a  monitoring  system  of  ur¬ 
gent  and  non-urgent  alarm  signals  serves  to 
obtain  a  high  reliability  and  ease  of  mainte- 


Block  diagram 


Fig.  1.  Starting  with  the  cesium  frequen¬ 
cy  standard,  which  can  be  replaced  by  ar.  ex¬ 
ternal  reference,  one  recognizes  first  the 
system  of  generation  of  the  internal  reference. 
The  5  MHz  frequency  is  the  backbone  of  the 
rack,  if  it  is  missing,  all  synthesized  out¬ 
puts  are  cut  off.  The  present  system  assures 
a  high  reliability,  since  it  is  necessary  at 
any  point  to  have  two  simultaneous  failures 
to  cause  a  general  interruption. 

By  reason  of  power-combiner  and  power - 
splitter  elements  which  have  53  51  impedance, 
all  distribution  of  5  MHz  is  at  50  0. 

Three  units  of  complimentary  chs: acter 
joined  together  by  a  vertical  servo  structure 
combine  to  form  a  reference  with  the  characte¬ 
ristics  : 

a)  spectral  purity  of  a  quartz  oscilla¬ 
tor  if  <  -135  dB  fer  Fourier  free/, :e-.- 
cies  >  10  Hz 

b)  short  term  stability  zt,t  r  I  a, 

3  x  10-12 

c)  long  term  stability  of  a  cesium  stan¬ 
dard  <  5  x  1 0— 1 2 

The  cesium  standard  determines  the  ler.g 
term  stability.  By  means  of  a  combined  analog 
and  digital  servo  the  cesium  stability  is  gi¬ 
ven  to  the  primary  B-540C  quartz  oscillator. 
This  oscillator  in  turn  servoes  the  second 
B-5400  oscillator  bv  means  cf  ar.  identical 
loop.  The  servo  time  constant,  about  130  s, 
is  chosen  such  that  the  cesium  standard  does 
not  degrade  the  quartz  oscillator  performance 
in  the  range  where  the  latter  has  a  better 
frequency  stability. 

In  case  of  the  absence  or  failure  of  the 
cesium  standard,  oscillator  1  continues  to 
servo  oscillator  2,  and  the  frequency  is  de¬ 
termined  by  the  B-5400  which  has  an  aging 
rate  of  less  than  1  x  10“*^  per  day,  typical¬ 
ly  5  x  1Q-Ii  per  day.  In  the  racks  for  FDM 
frequencies  without  cesium  standards,  two 
functional  modes  are  possible  for  oscillaror 
1: 

a)  the  frequency  control  voltage  is  cut 
off,  frequency  is  set  manually. 

b)  tht  servo  loop  memory  is  blocked  and 
provides  a  fixed  voltage  to  the  oscil¬ 
lator  control.  At  turn-on  this  voltage 
is  at  the  center  of  control  range. 


Ihe  pr.use-IoCKed-Ioop  is  in  position 
zi  waiting  :  the  frequency  can  be  pe¬ 
riodically  readjusted  by  connecting 
i.n  "Z’-ernal  standard.  The  state  after 
tne  .ist  correction  is  memorized. 

The  scr  'o  control  assemblies  and  oscilla¬ 
tors  are  identical,  therefore,  interchangea¬ 
ble.  The  units  are  adjusted  in  such  a  manner 
that  the  output  signal  and  the  reference  are 
in  phase. 

Frequencies  are  synthesized  by  classic 
ILL,  composed  of  a  linear  phase  comparator,  a 
quartz  voltage  controlled  oscillator  non-tem¬ 
perature  controlled,  frequency  dividers  and 
output  amplifiers. 

Cesium  frequency  standard 

Fig.  2 

The  frequency  standard  is  a  model  3000, 
described  at  the  Frequency  Control  Symposium 
in  1975. 

The  front  panel  controls  concern  routine 
measurements  of  equipment  operation  which  are 
made  a  few  days  after  placing  the  standard  in 
operation,  and  then  at  regular  intervals,  1 
to  3  months.  Other  operating  controls  are  ac¬ 
cessible  after  removing  the  cover  panel. 

5  MHz  phase  locked  loop 

The  high  quality  temperature  controlled 
quartz  oscillator  is  one  of  the  most  stable 
frequency  sources  available  on  the  market  to¬ 
day  for  observation  times  up  to  some  hundreds 
of  seconds.  The  slow  drift  of  frequency  ne¬ 
cessitates  a  recalibration  from  time-to-time. 
The  frequency  instabilities  of  a  cesium  stan¬ 
dard  are  smaller  than  those  of  quartz  oscil¬ 
lators  for  measurement  times  in  the  order  of 
hundreds  of  seconds. 

Consequently,  the  servo  time  constant 
for  locking  a  crystal  oscillator  to  a  cesium 
standard  should  be  in  the  order  of  100  se¬ 
conds  to  take  maximum  advantage  of  the  two 
frequency  sources. 

A  proportional  feed-back  control  system 
capable  of  maintaining  the  oscillation  of  a 
crystal  oscillator  in  phase  with  the  oscilla¬ 
tion  of  a  cesium  standard  must  have  conside¬ 
rable  gain  to  be  able  to  correct  the  slow 
frequency  change  due  to  aging  of  the  quartz. 
However,  it  is  extremely  difficult  to  realize 
such  a  proportional  servo  loop  having  at  the 
same  time  the  necessary  gain  and  a  time  con¬ 
stant  of  the  order  of  100  seconds. 

On  the  other  hand,  a  digital  servo  loop 
does  not  allow  regulation  of  the  crystal  os¬ 
cillator  in  steps  sufficiently  small  such 
that  the  deviation  in  phase  between  the 
quartz  oscillator  and  the  cesium  standard, 
will  always  be  within  desired  limits.  High 
capacity  digital  memories  with  output  of  12 
bits  and  conversion  to  analog  voltage,  for 


example,  permit  a  regulation  of  4055  steps. 
This  is  insufficient  to  control  ti.e  crystal 
oscillator  for  years  and  obtain  at  the  same 
time  a  regulation  sufficiently  fine. 

The  present  method  is  characterised  by 
two  feed-back  control  loops  connected  in  pa¬ 
rallel;  one  has  digital  conf iguratior.  with  an 
up-down  counter  memory,  the  other  has  an  in¬ 
tegral-proportional  control  configuration 
with  an  amplifier  integrator.  One  obtains  the 
optimum  feed-back  control  conditions  by  the 
combined  action  of  the  two  loops.  The  digital 
loop  allows  correction  of  the  drift  of  the 
crystal  oscillator  in  steps  relatively  large 
over  a  wide  range,  while  at  the  same  time  the 
analog  control  loop  provides  a  fine  correction 
between  the  steps  of  the  digital  loop. 

In  case  of  absence  of  the  standard  fre¬ 
quency,  the  counter  -  memory  of  the  digital 
loop  retains  the  frequency  of  the  crystal  os¬ 
cillator  at  the  last  value  attained.  On  the 
other  hand,  as  the  proportional  control  loop 
requires  a  gain  only  sufiicient  for  phase  re¬ 
gulation  between  two  steps  of  the  digital 
loop,  it  is  possible  to  realize  an  analog 
loop  in  which  the  time  constant  is  sufficient¬ 
ly  long  to  take  advantage  optimally  of  the 
characteristics  of  the  two  frequency  sources. 

A  system  block  diagram  is  given  in  fig. 

3,  showing  the  main  functions. 

This  system  has  two  basic  operating  mo¬ 
des  :  the  initialization  mode  which  is  neces¬ 
sary  at  the  time  of  establishment  of  the  re¬ 
ference  frequency  to  quickly  correct  the  fre¬ 
quency  of  the  oscillator;  the  normal  opera¬ 
tion  mode  when  only  small  corrections  are 
necessary  to  compensate  for  the  aging  of  the 
crystal  .  The  control  circuitry  automatically 
cycles  the  system  from  one  mode  to  the  other, 
when  necessary. 

Operation  of  the  servo  system  can  be 
understood  as  follows: 

There  are  four  phases  possible: 

1)  Phase  I,  initialization,  which  is  ne¬ 
cessary  when  establishing  the  control 
voltage,  when  connecting  the  referen¬ 
ce  frequency  or  when  an  accidental 
phase  or  frequeny  jump  occurs. 

2)  Phase  IT,  test,  which  permits  auto¬ 
matic  passage  from  phase  I  to  phase 
III  on  resetting  the  integrator  to 
zero. 

3)  Phase  III,  normal  operation,  in  which 
phase  the  voltage  derived  from  the 
Digital-to-analog  converter  progres¬ 
ses  by ’steps  each  time  the  integrator 
output  voltage  reaches  its  limits. 

4)  Phase  IV,  blocked,  in  which  the  osci> 
lator  is  free  running  because  of  lack 
of  reference  frequency,  and  the  os¬ 
cillator  frequency  is  established  by 


the  last  value  memorized  by  the  D-A 
converter. 

Phase  I  can  also  be  manually  started, 
only  the  analog  servo  mode  is  operational. 
Amplifier  gain  is  4  and  the  servo  time  con¬ 
stant  is  5  seconds  in  order  to  increase  the 
pull-in  range.  This  phase  permits  a  rapid 
acquisition  and  memorization  of  the  oscil¬ 
lator  frequency  control  voltage  my  measuring 
the  phase  difference  at  the  reference  fre¬ 
quency.  The  total  range  of  the  memory  is 
swept  in  16  seconds. 

Phase  III,  normal  operation,  establishes 
a  time  constant  of  100  s.  This  is  accompli¬ 
shed  by  reducing  the  system  gain  by  a  factor 
of  400  and  at  the  same  time  placing  the  digi¬ 
tal  and  analog  servo  systems  in  parallel.  One 
step  of  correction  of  the  D-A  converter  cor¬ 
responds  to  5  x  10-li  parts  change  in  fre¬ 
quency  of  the  oscillator.  The  steps  of  cor¬ 
rection  of  the  voltage  control  by  the  D-A 
converter  are  only  possible  in  an  interval 
of  64  s  so  reducing  the  transmission  of  re¬ 
ference  oscillator  noise.  An  increase  or  de¬ 
crease  of  the  memory  is  therefore  established 
by  two  criteria  :  integrator  output  voltage 
falling  outside  the  comparator  window  refe¬ 
rence  voltage  and,  simultaneously,  presence 
of  correction  pulses  which  follow  at  an  in¬ 
terval  of  64  s.  The  comparator  window  func¬ 
tions  at  a  level  100  times  greater  than  a 
voltage  unit  of  correction,  therefore,  at  a 
ievei  which  poses  no  drift-problems.  To  avoid 
transient,  effects,  a  correction  step  is  al¬ 
ways  accompanied  by  resetting  the  integrator 
to  zero.  A  typical  variation  with  time  of  the 
control  output  voltages  of  each  control-loop 
is  shown  ir.  fig.  4 

frequency  synthesis 

Schema  tic  block  diagram  fig.  5  shows  the 
generation  of  frequency  cited  above  by  di- 
-ect  PLL  synthesis.  Considerable  development 
effort  was  devoted  to  suppression  of  side 
bands  at  the  comparison  frequency  and  its 
harmonics, and  to  phase-noise  spectral  purity 
close  to  the  carrier. 

Resul  ts 

fig.  6  shows  spectr-ai  characterist  ics  of 
the  internal  b  MHz  reference  frequency  which 
corresponds  ro  the  performance  of  a  non-per- 
turbed  oscillator. 

fig.  shows  a  similar  measurement  made 
c..  .tie  of  ’he  synthesizer  outputs. 

Mo  tujjr  construction  is  illustrated  in 
tig.  -5 ,  i ,  is  and  1 1 . 
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Summary 

NASA  is  investigating  the  possibility  that  earth¬ 
orbiting  artificial  satellites  could  be  users  of  GPS. 
The  SEASAT  spacecraft,  to  be  launched  into  a  108 
degree  inclination,  800  km  altitude  earth  orbit 
in  1978,  was  to  have  provisions  for  the  reception 
of  one  way  pseudo-range  and  pseudo  range-rate  meas¬ 
urements  from  the  Phase  I  GPS  satellites.  Although 
the  SEASAT/GPS  experiment  was  cancelled  because  of 
time  constraints,  the  present  study  still  uses  SEASAT 
as  a  specific  example  to  investigate  the  effect  of 
spacecraft  clock  offset  on  the  GPS  orbit  determination 
capability,  the  optimum  processing  of  measurements 
for  the  determination  of  clock  offset,  and  the  accuracy 
that  can  be  obtained.  The  clock  error  enters  the  orbit 
determination  process  in  the  following  two  ways:  as 
time  tag  error,  and  as  signal  propagation  error.  The 
problem  of  spacecraft  as  users  of  GPS  is  distinct  from 
many  other  types  of  users  in  that  the  spacecraft  state 
includes,  as  a  minimum,  three  position  and  three  ve¬ 
locity  components  plus  the  parameters  defining  the 
clock  offset,  and  the  comparatively  predictable  user 
vehicle  dynamics  provide  smoothing  for  the  determina¬ 
tion  of  time  offset. 

The  investigation  assumes  a  minimum  variance  batch 
orbit  determination  process  is  used  to  solve  for  the 
orbital  and  clock  parameters.  To  be  realistic,  in 
addition  to  the  timing  error,  the  GPS  epheraeris  error 
and  the  SEASAT  dynamic  modeling  error  are  also  taken 
into  consideration.  The  results  of  the  study  indicate: 
the  time  tag  error  is  of  secondary  importance,  the 
optimum  smoothing  duration  is  of  the  order  of  one 
SEASAT  orbit  (*100  minutes)  and  represents  a  compromise 
between  the  long  duration  desired  for  observability 
and  the  short  duration  desired  to  minimize  dynamic 
errors,  and  if  all  errors  considered  are  random  in 
nature,  the  time  offset  and  the  SEASAT  orbit  may  be 
determined  to  very  high  accuracy.  However,  modeling 
errors,  although  unknown,  are  systematic  in  nature. 

The  correlation  between  the  systematic  errors  and  the 
clock  offset  limits  the  accuracy  in  time  determination. 
Alternatively  one  may  say  the  time  offset  accuracy  im¬ 
poses  a  requirement  on  such  factors  as  our  knowledge 
of  the  GPS  ephemeris  and  the  earth’s  gravitational 
field. 

Introduction 

The  final  presentation  of  calculated  error  can  be 
clarified  by  digressing  slightly.  An  unembellished 
review  of  basic  concepts  is  appropriate  at  this  point 
and  is  intended  to  lead  to  a  rudimentary  grasp  of 
navigation  error  and  the  method  of  calculation.  The 
discussion  will  cover  in  a  simplified  fashion,  the 
following  topics: 

•  The  GPS  measurements 

•  The  concept  of  a  mathematical  model  defining 
user  spacecraft  motion  and  its  predict¬ 
ability. 


•  Orbit  determination  with  the  measurements 
and  the  model 

•  The  relationship  of  error  in  user  navigation 
to  errors  in  the  mathematical  model  and 
errors  in  the  measurements 

•  The  presentation  of  the  results,  the  error 
in  user  position,  velocity,  and  clock  off¬ 
set 

GPS  Measurements 

A  primary  concept  of  this  presentation  is:  Global 
Positioning  System  (GPS)  navigation  is  performed  by 
time  measurements.  If  one  were  to  err  on  the  side  of 
simplicity,  GPS  navigation  in  space  could  be  cast  as: 
"If  you  tell  me  where  you  are  and  what  time  it  is,  I 
will  know  where  I  am,  and  of  course,  I  will  know  what 
time  it  is."  A  well-run  train  passes  a  station,  the 
stationmaster  bellows  as  I  pass  on  the  train,  "It  is 
5:00  p.m.  and  this  is  Trenton."  I  set  my  watch  and 
expect  to  be  in  Philadelphia  at  5: A0  p.m.  The  station- 
master  is  the  GPS  space  vehicle  and  I  am  the  user. 

Space  travel  is  very  predictable,  the  example  of  the 
train  travel  may  not  be,  but  it  is  meant  only  as  an 
over-simplified  example. 

Two  Body  Model  of  Spacecraft  Motion 

In  any  field  of  endeavor  there  are  a  few  basic 
principles,  and  there  are  thousands  of  niggling  de¬ 
tails  concerning  the  basic  principles.  These  are  the 
details  which  complicate  the  subject,  often  beyond 
belief  or  comprehension.  In  describing  the  mathe¬ 
matical  model  of  spacecraft  motion,  these  details  will 
be  omitted.  This  simplified  model  will  be  the  motion 
of  two  bodies  in  an  Isolated  space.  (Fig.  1) 

A  user,  in  some  manner,  has  been  placed  in  orbit 
about  the  earth.  The  earth  is  assumed  to  be  spheri¬ 
cally  symmetric,  the  user  is  above  the  appreciable 
atmosphere,  the  sun  and  moon  attract  the  user  negli¬ 
gibly,  and  solar  radiation  has  insignificant  effect 
on  the  user  trajectory.  The  only  force  exerted  on 
the  user  is  the  force  of  attraction  by  the  mass  of 
the  earth.  The  mass  of  the  user  is  negligible  com¬ 
pared  to  the  mass  of  the  earth.  In  this  simplified 
situation  it  is  possible  to  precisely  define  this 
user’s  motion  with  time. 

It  is  convenient  to  construct  a  Cartesian  co¬ 
ordinate  system  in  which  to  uniquely  describe  the 
position  and  velocity  of  the  user.  (Fig.  2)  One 
reference  direction  in  the  coordinate  system  is  select¬ 
ed  as  the  spin  axis  of  the  earth.  The  reference  plane 
is  the  earth’s  equatorial  plane,  and  a  reference  direc¬ 
tion  in  this  plane  is  made  to  point  to  a  "fixed" 
pattern  of  stars  on  the  celestial  sphere.  The  third 
reference  direction  is  chosen  to  form  a  right-handed, 
orthogonal  coordinate  system.  The  center  of  the  co¬ 
ordinate  system  lies  at  the  center  of  mass  of  the 
earth.  Newton's  laws  are  valid  in  this  non-rotating, 
non-accelerating  coordinate  system,  and  there  exists  a 
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IF  SV  CLOCK  AND  USER  CLOCK  ARE  IN  AGREEMENT: 


proportionality  between  the  force  of  attraction  acting 
on  the  user  and  the  acceleration  he  experiences.  The 
resulting  set  of  three,  second  order  differential 
equations  of  motion  requires  six  initial  conditions 
for  solution;  an  initial  position  (3  components)  and 
an  initial  velocity  (3  components).  The  two  body 
motion  of  the  user  about  the  earth  is  determined  for 
all  time  by  the  solution  of  this  set  of  equations. 


(C^EASUREMENW(xsv-xUSER)2+(ysv-yUSER)2+(zsv-ZusER)2 

(Speed\ 

of  I  (Delay  Time)  =  Distance  between  space  vehicle 
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NEWTON'S  SECOND  LAW  APPLIED  TO  THE  TWO  BODY  ORBIT 
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Orbit  Determination 


Orbit  determination  is  the  process  of  inferring 
the  position,  velocity,  and  clock  offset  of  the  user 
from  measurements  made  of  the  user  motion  in  the 
Newtonian  coordinate  system.  The  output  of  this  pro¬ 
cess  are  a  time  or  epoch,  the  three  components  of 
position  at  that  time,  the  three  components  of  veloci¬ 
ty  at  that  time,  and  user  clock  offset  at  that  time. 
With  the  mathematical  model  of  motion  (the  two  body 
model  of  user  motion),  and  the  estimated  position, 
velocity,  and  clock  offset,  the  user  can  predict 
his  trajectory  for  the  present  and  future  time.  This 
result  of  knowing  where  you  are  and  where  you  are 
going,  is  the  process  of  navigation. 

For  GPS  one  of  the  measurements  made  of  user 
motion  can  be  described  in  the  following  way:  (Fig.  3) 
The  GPS  space  vehicle  transmits  to  the  user  the  GPS 
space  vehicle  time,  position,  and  velocity.  The  user 
carries  a  clock,  and  If  it  is  keeping  time  perfectly 
with  the  space  vehicle  clock,  the  user  can  measure  the 
span  of  time  required  for  the  information  to  travel  to 
him.  The  user,  by  scaling  this  delay  time  by  the 
speed  of  light,  computes  the  distance  between  the  user 
and  the  space  vehicle  which  sent  the  information.  If 
the  user  clock  and  the  space  vehicle  clock  are  offset, 
the  user  computes  the  distance  between  himself  and  the 
space  vehicle,  plus  an  additional  distance  related  to 
the  clock  offset.  In  the  calculation  of  distance, 
the  GPS  space  vehicle  position  is  known,  since  the 
space  vehicle  has  already  sent  that  information  to 
the  user. 


IF  SV  CLOCK  AND  USER  CLOCK  DIFFER  BY  A  TIME  OFFSET,  At: 

(C^EASURE.MENW(xsv-xUSER)2+(ysv-yUSER)2+zsv-z(JSER)2 
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xRV  ■  x  coordinate  of  space  vehicle 
XUSER  =  x  coor<*inate  °f  user 

At  =  user  clock  offset 


A  measurement  of  the  rate  of  change  of  time  delay 
between  the  space  vehicle  and  the  user  contains  infor¬ 
mation  about  the  space  vehicle  and  user's  velocities. 
This  measurement  is  made  in  companion  with  the  time 
delay  measurement.  Additional  space  vehicles  supply 
non-redundant  measurements,  and  when  a  sufficient  num¬ 
ber  of  measurements  have  been  made,  the  user  may  begin 
his  estimate  of  position,  velocity,  and  clock  offset. 

Seven  independent  measurements  from  one  or  more 
GPS  spacecraft  enable  one  to  solve  for  a  set  of  pre¬ 
liminary  estimates  of  the  user  orbital  position, 
velocity  and  clock  bias.  The  accuracy  of  such  esti¬ 
mates  is  inadequate  because  of  the  inevitable  measure¬ 
ment  noise  and  the  uncertainty  in  our  knowledge  of  the 
GPS  space  vehicle  orbits  and  the  earth's  gravitational 
field  (the  total  mass  of  the  earth  and  other  geopoten¬ 
tial  coefficients  describing  the  deviation  of  the  earth 
from  a  homogeneous  sphere).  Therefore,  precision 
orbits  are  usually  determined  by  "curve-fitting"  a  user 
trajectory  to  a  set  of  redundant  measurements  distrib¬ 
uted  over  a  chosen  data  span  in  accordance  with  the 
following  procedure: 

1.  Calculate,  from  the  preliminary  estimate  and 
the  dynamic  model  of  user  motion,  a  trajectory  for  the 
user  over  the  data  span. 

2.  Calculate  what  the  measurements  would  be, 
based  upon  the  above  trajectory  and  the  model  of  the 
measurement  process. 

3.  Relate  the  difference  between  the  actual 
measurement  and  the  calculated  measurement  to  an  ad¬ 
justment  In  the  preliminary  estimate  of  user  position, 
velocity,  and  clock  offset. 

4.  Continue  the  process  based  on  the  current 
estimate  until  negligible  adjustments  are  made  to  the 
estimate  of  user  position,  velocity,  and  clock  offset. 


The  mathematics  Involved  in  this  procedure  will 
be  described  briefly  in  the  following.  Let  x(t0) , 
y(t0),  z(t0),  x(to),  y(t0),  z(t0)  represent  the  pre¬ 
liminary  estimate.  "t0"  is  some  reference  time,  which 
will  be  chosen  as  initial  time  for  the  convenience  of 
the  following  discussion.  The  user  dynamic  equations 
of  motion,  similar  to  but  more  complete  than  the  two 
body  equations,  are  then  Integrated,  subject  to  the 
preliminary  estimate  as  initial  conditions,  to  obtain 
a  user  trajectory 

xc(t)  -  f(x(to),y(to),z(to),x(to),y(to),z(to);ci) 

with  similar  expressions  for  the  other  position  and 
velocity  components.  The  computed  trajectory  is  not 
the  true  user  trajectory  because  the  initial  estimate 
x(t0) _ etc.  are  in  error  and  because  of  uncer¬ 

tainties  in  our  knowledge  of  the  dynamic  parameter  a, 
which  stands  for  geopotential  coefficients,  atmos¬ 
pheric  drag  and  etc.  To  first  order  one  may  relate 
the  trajectory  error  to  the  error  sources  as 
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C  o 
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From  the  computed  trajectory,  the  range  from  the  user 
to  a  GPS  spacecraft  may  be  calculated  as 


Rc(t)  =  V(x  svc'xc(t))2+(ysvc'yc(0)2+(zsvc'2c(t))2 


which  is  equivalent  to  a  signal  transit  time  of  TgCt) 
RC(t) 

“  — C — .  On  the  other  hand,  the  measured  signal  tran¬ 
sit  time  may  be  written  as 
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where  C  is  velocity  of  light  and  n(t)  is  random  meas¬ 
urement  noise.  By  making  use  of  the  above  equations, 
the  difference  between  the  actual  and  the  computed 
measurement  may  be  written  as 
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For  the  data  span  considered,  there  are  many  other 
equations  similar  to  this,  representing  different 
measurements  made  at  different  times  and  from  differ¬ 
ent  GFS  spacecraft.  The  left-hand  Bide  of  these 
equations  are  known  quantities  which  serve  as  feedback 
error  signals.  On  the  right-hand  sides  are  the  A’s 
which  represent  two  kinds  of  quantities.  The  user 
orbit  estimate  errors  such  as  Ax(t  ),  Ax(t  )  and  the 
clock  offset  At  are  quantities  to  Se  inferred  from 
these  feedback  signals.  The  random  noise  n(t),  the 
dynamic  parameter  uncertainty  Aa,  and  the  CPS  spacecraft 
ephemeris  error  such  as  Axav  are  unknown  error  sources. 
Although  the  latter  quantities  appear  in  these  equa¬ 
tions  not  any  differently  from  the  former,  the  limited 
information  content  and  the  computational  constraints 
preclude  the  estimation  of  every  unknown  parameter 
appearing  in  these  equations.  Before  giving  an  expres¬ 
sion  for  the  feedback  gain,  the  following  general 
observations  may  be  made: 

1.  The  error  sources  not  estimated  will  cause 
some  errors  in  the  estimated  parameters.  Random 
noises  tend  to  be  smoothed  out  because  there  will 
generally  be  many  more  measurements  than  the  param¬ 
eters  to  be  estimated.  At  the  current  state  of  art, 
systematic  errors  such  as  GPS  ephemeris  error,  geo¬ 
potential  error,  and  atmospheric  drag  error  at  low 
altitudes,  are  more  important.  The  latter  two  are 
dynamic  modeling  errors  which  generally  cause  errors 
that  amplify  with  elapsed  time. 

2.  The  observable  "feedback  error  signal" 
must  be  sensitive  to  variations  in  a  parameter  "A" 
at  a  detectable  level  and  in  a  unique  way,  for  the 
inference  of  that  parameter  to  be  possible.  This 
implies : 


a.  Ambiguity  exists  in  estimated  parameters 
if  they  have  similar  effects  on  the  observed 
"error  signal." 

,  ,  ,  3f  / A  3x(t) .  \ 

b.  In  general,  J  and 

therefore  the  sensitivity  of  the  observed  error 
signal  to  orbit  corrections  Ax(t0) ,  increases  with 
elapsed  time  (t-tQ).  From  this  consideration  a 
long  data  span  is  desirable.  This  also  applies  to 
the  estimation  of  spacecraft  clock  drift-rates. 

On  the  other  hand,  as  discussed  in  "l”  above,  a 
long  data  span  is  susceptible  to  unmodelled  dyna¬ 
mic  parameter  errors.  Thus  a  compromise  has  to 
be  made. 


c.  The  "unity"  in  the  coefficient  of  At 
represents  the  transit  time  error  while  the  rest 
of  the  terms  represent  the  time-tag  error. 
Obviously  the  latter  is  negligible  in  comparison 
with  the  former  as  far  as  range  measurements  are 
concerned.  Transit  time  error  is  the  error  in 
the  measured  delay  time.  Time  tag  error  is  the 
error  in  relating  the  measurement  time  to  epoch. 


Let  us  group  together  all  the  measurements  in  the 
following  matrix  form  which  is  a  generalization  and 
rearrangement  of  Equation  (1): 
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Ay  ■  parameters  to  be  estimated  such  as  the  user 
spacecraft  clock  error. 
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A 6  =»  parameters  not  estimated  such  as  the  GPS 

space  vehicle  ephemerides  errors  and  some 
geopotential  coefficient  errors. 

N  *  zero-mean  random  measurement  and  dynamic 
noise. 

y-yc  *  feedback  error  signal,  the  difference 

between  the  actual  and  computed  measure¬ 
ments  . 

[A],[B]  =  known  partial  derivatives  representing 
the  sensitivities  of  the  error  signal  with 
respect  to  the  parameters  to  be  estimated 
and  to  those  error  sources  not  estimated. 


The  corrections  to  the  preliminary  estimate  are  obtain¬ 
ed  from  the  error  signal  as 


Ax*(to) 

ay* 


[K]  [y-yc] 
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where  the  feedback  gain  is  usually  chosen  to  be 

[K]  -  <rA]T[W]  [A])-1  [A]T[W]  (4) 

[W]  “  chosen  positive-definite  weighting  matrix. 


As  stated  before  this  procedure  is  repeated  until  con- 


gence  occurs;  l.e., 
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The  remaining 


orbit  determination  or  estimation  error  may  be  obtained 
from  Equations  (2)  and  (3)  as 
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The  unmodelled  parameter  error  [AA]  and  the  random 
noise  ]N]  in  thia  expression  are  of  course  unknown. 

But  once  their  statistical  properties  such  as  means, 
variances  and  correlations  are  specified  based  on 
experience  and  deduction,  the  corresponding  statisti¬ 
cal  properties  of  the  estimate  may  be  obtained  imme¬ 
diately.  The  variances  are  measures  of  the  accuracy 
of  the  estimate  such  as  the  confidence  one  has  in  the 
spacecraft  clock  offset  estimate.  The  correlation 
coefficients,  if  reaching  close  to  unity,  would 
signify  that  some  of  the  parameters  may  not  be  esti¬ 
mated  without  ambiguity. 

The  use  of  the  gain  matrix  given  in  Equation  (4) 
results  in  the  so-called  weighted  least-squares  esti¬ 
mate  because  the  estimate  minimizes  the  weighted 
squares  of  the  error  signal;  i.e.,  [y-yc]T  [w]  [y— yc] . 
Frequently  the  weighting  matrix  is  chosen  as  the 
Inverse  of  the  covariance  matrix  of  the  measurement 
error.  In  the  ideal,  but  unrealistic  situation  in 
which  all  error  sources  are  random  in  nature,  this 
choice  minimizes  the  variance  of  the  estimate,  and 
one  has  the  so-called  un-blased  minimum  variance  esti¬ 
mate. 


ORAN  is  used  to  simulate  a  batch  minimum-variance, 
weighted  least-squares  orbit  determination  process  and 
compute  the  corresponding  errors  and  accuracies.  The 
results  are  summarized  in  the  following  paragraphs. 

1.  Orbit  Determination  Accuracy.  For  all  but 
very  short  tracking  spans,  random  measurement  errors 
are  negligible  in  comparison  with  the  unmodelled 
parameter  errors.  The  tracking  rate  is  also  not  >tery 
important.  For  short  tracking-span  orbit  determina¬ 
tion  geometric  errors  (primarily  GPS  ephemeris  errors) 
dominate.  Dynamic  errors  (primarily  geopotential 
uncertainty)  tend  to  grow  with  time  and  become  impor¬ 
tant  for  long  tracking  span  orbit  determination.  The 
tracking  time  span  for  optimum  orbit  determination  is 
around  one  user  orbital  period  (=  100  minutes).  The 
resulting  user  orbit  uncertainty  has  standard  devia¬ 
tions  of  approximately  8  meters  in  position  and 

1  cm/sec  in  velocity.  About  3/4  of  these  are  the 
contribution  of  geometric  error  sources. 

2.  Effect  of  Time  Tag  Errors.  It  may  be  seen 
from  Eq.  (1)  that  the  effect  of  time  tag  errors  is 
proportional  to  the  spacecraft  velocity  and  accelera¬ 
tion.  Our  result  indicates  that  a  time-tag  error  of 
100  microseconds  contributes  approximately  1/2  meter 
orbit  position  error.  Since  time-tag  accuracy  is 
expected  to  be  much  better  than  100  microseconds  one 
may  say  the  effect  of  time-tag  error  is  negligible. 
Because  its  effect  is  small,  it  is  also  not  possible 
to  estimate  time-tag  error  with  accuracy. 

3.  Clock  Bias  Estimation.  USER  spacecraft 
measures  its  range  from  a  GPS  space  vehicle  by  keeping 
track  of  the  signal  propagation  time.  A  10  nano¬ 
second  clock  bias  is  equivalent  to  3  meter  range  bias. 

Our  results  indicate  the  following  with  regard  to 
estimation  of  clock  bias.  In  the  absence  of  unmodelled 
dynamic  parameter  errors  clock  biases  may  be  deter¬ 
mined  to  the  nanosecond  level.  There  is,  however,  a 
high  correlation  between  the  clock  bias  and  the  uncer¬ 
tainty  in  the  gravitational  parameter  GM,  i.e.,  the 
product  of  the  universal  gravitational  constant  and  the 
total  mass  of  the  earth.  It  Is,  therefore,  not 
possible  to  determine  clock  bias  to  better  than  25 
nanosecond  accuracy  in  the  presence  of  a  gravitational 
error  of  one  part  per  million. 


User  Position,  Velocity,  and  Clock  Error 

To  illustrate  the  effect  of  clock  errors  and  the 
accuracy  with  which  the  USER  spacecraft  time  and  orbit 
may  be  determined,  a  low-earth-orbit  spacecraft 
(SEASAT)  as  tracked  by  six  Phase  I  GPS  space  vehicles 
is  considered.  The  orbital  characteristics  of  the 
user  and  the  space  vehicles  are  given  in  Table  1. 

Error  sources  corresponding  to  the  present  state  of 
art  are  described  in  Table  2.  For  this  tracking 
configuration  and  error  model,  the  computer  program 
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TABLE  1.  ORBITAL  CHARACTERISTICS  OF  PHASE  I 
GPS  SPACECRAFT  AND  USER  (SEASAT) 


— 

SPACECRAFT 

INCLINATION 

PERIOD 

NODE 

MEAN  ANOMALY 

GPS  #1 

-120° 

-23.2° 

n 

-120° 

16.8° 

n 

63° 

12  Hrs . 

-120° 

56.8° 

#4 

120° 

16.8° 

#  5 

120° 

56.8° 

#6 

120° 

96.8° 

USER  (Circular  Orbit 

at  800  Km  Altitude) 

108° 

100.5  Min. 

-75° 

180° 

TABLE  2.  ERROR  MODEL 


Standard  Deviation  of  Tracking  System  Error 


— 

Range  Noise 

1  m 

Range-Rate  Noise 

0 . ISmm/s 

GPS  Spacecraft  Ephemeris  Error 

30  m 

(Position) 

0.5  cm/s 

(Velocity) 

Standard  Deviation  of  Dynamic  Parameter  Uncertainty 


Atmospheric  Drag  251 

Earth  CM  1  part  per  million 

Geopotential  Harmonics  SOI  of  the  difference  between 

the  two  gravity  models, 

MDI  and  GM5 
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TRANSCONTINENTAL  AND  INTERCONTINENTAL  PORTABLE  CLOCK  TIME  COMPARISON 

H.  Hellwig,  D.  W.  Allan,  S.  R.  Stein  and  K.  A.  Prichard 
Frequency  &  Time  Standards  Section 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


NBS  has  developed  and  used  a  small  portable  rubi-  less  important.  Upon  arrival  of  the  portable  clock. 


dium  clock,  which  permits  time  comparisons  with  other 

laboratories  at  much  less  cost  than  possible  with  the 

traditionally  used  cesium  clocks  [1,  2],  The  use  of 

this  clock  over  the  past  year  has  shown  that  time 

generating  clock  ensembles  perform  with  stabilities  of 
14 

parts  in  10  for  time  periods  of  months.  National  and 
international  precision  time  comparisons  are  done  today 
routinely  via  Loran-C  and  portable  atomic  clocks. 
Satellite  links  are  being  explored  today  and  may  become 
the  main  link  of  the  future.  Nevertheless,  portable 
clocks  will  be  needed  to  calibrate  satellite  links  and 
to  study  variations  in  such  transmissions. 


The  stability  of  the  rubidium  clock  and  its 

sensitivity  against  environemental  effects  is  almost  an 

order  of  magnitude  inferior  to  that  of  cesium  clocks. 

However,  in  successful  round  trips,  using  time  closure 

between  departure  and  arrival  at  the  originating 

laboratory,  very  acceptable  time  comparison  precision 

can  be  achieved.  More  frequent  portable  clock 

comparisons  not  only  lead  to  better  confidence  in  the 

time  comparison  and  more  information  on  the  Loran-C 

link  but  also  to  an  increased  ability  to  compare 

frequencies  between  time  generating  laboratories  even 

when  separated  by  large  distances.  With  a  time 

accuracy  of  100  ns  and  clock  trips  spaced  three  months 

apart,  fractional  frequency  measurement  precision  of 
-14 

10  is  actually  achieved  by  our  series  of  time 
comparisons  as  reported  below. 

An  important  difference  must  be  noted  between 
these  rubidium  portable  clock  trips  and  trips  possible 
using  available  cesium  clocks.  Because  of  the  inferior 
stability  of  the  rubidium  clocks  and  the  greater 
environmental  sensitivity,  both  almost  a  factor  of  10 
inferior  as  compared  to  cesium,  clock  trips  must  be 
done  as  rapidly  as  possible.  If  time  is  to  be  carried 
to  a  remote  station  which  does  not  have  a  high  pre¬ 
cision  timing  system  on  site,  an  lasted  late  return  of 
the  clock  and  a  quick  trip  are  mandatory  for  good 
accuracy.  However,  if  the  laboratory  to  be  measured  or 
to  be  compared  with  is  itself  a  high  precision  time¬ 
keeping  laboratory,  a  quick  round-trip  be  costas  much 


the  clock  is  measured  against  that  laboratory  s  time 
signals,  monitored  during  its  stay  there,  and  measured 
immediately  before  leaving  for  its  return  trip.  The 
portable  clock  could  remain  at  such  a  laboratory  for 
times  of  the  order  of  one  week,  if  the  frequencies  are  a 
priori  known  to  within  10  Despite  the  advantages  in 

weight,  size,  ease  of  handling,  etc.,  it  is  obvious  that 
the  rubidium  clock  would  be  much  inferior  to  a  cesium 
clock  for  a  long-term  clock  transport  involving  a  series 
of  remote  sites,  each  having  not  very  well-known  time  or 
frequency  signals  [3,4]. 

We  executed  numerous  trips  from  the  National  Bureau 
of  Standards  (NBS)  in  Boulder,  Colorado  to  the  U.S. 

Naval  Observatory  (USNO)  in  Washington,  D.C.  and  several 
comparisons  with  the  Bureau  International  de  l'Heure 
(BIH)  in  Paris,  France,  during  the  past  year.  These 
trips  served  to  bring  acout  a  comparison  of  the  respec¬ 
tive  time  scales  with  previously  unachieved  precision. 
They  also  served  to  check  the  capability  of  the  portable 
rubidium  clock.  Support  for  the  capability  of  rubidium 
portable  clocks,  as  quoted  above,  is  directly  given  by 
the  data  points  in  figures  1  and  2.  In  January  1977  and 
April  1977,  we  carried  two  rubidium  clocks  simultane¬ 
ously  on  the  same  trip  to  the  BIH.  In  fact,  it  was 
possible  for  one  person  to  carry  two  portable  rubidium 
clocks  with  no  major  difficulty  to  the  BIH  in  Paris. 

In  figures  1  and  2,  we  give  the  measurement  results 
of  a  series  of  portable  clock  trips  between  NBS  and  USNO 
and  NBS  and  BIH  respectively.  Plotted  in  figures  1  and 
2  are  the  new  1977  rates;  i.e.,  the  actual  rate  changes 
were  used  to  modify  all  data  prior  to  1  January  1977. 

All  data  on  rubidium  clocks  are  based  on  NBS  records, 
all  data  on  cesium  clocks  are  based  on  USNO  records. 

When  using  portable  clock  data  to  compare  the  time 
and  frequency  of  two  time  scales  resets  to  each  other, 
it  is  profitable  to  consider  the  general  character  of 
the  instabilities  involved  which  say  limit  the  compari¬ 
son.  In  figure  3  we  illustrate  graphically  an  estimate 
of  the  current  instabilities  in  the  USNO  and  NBS  time 
scales,  including  the  effect  of  the  linear  frequency 
drift  apparent  in  figure  1  on  0y(T)  (the  two  sample 
deviation) .  we  assume  that  other  time  aoales  have 


instabilities  of  the  same  order.  Also  plotted  in  figure 
3  is  the  portable  clock  comparison  measurement  noise 
achievable  from  repeated  portable  clock  trips;  we  use  an 
rms  time  error  for  each  trip  of  90  ns,  which  was  ob¬ 
tained  from  figure  1.  Therefore,  the  noise-model  of 
figure  3  is  applicable  only  to  the  USNO/NBS  comparison 
of  time  scales. 

From  figure  3  it  appears  that  for  the  most  part  the 
predominant  "signal”  process  between  two  time  scales  is 
frequency  drift?  whereas  the  predominant  measurement 
limitation  is  the  accuracy  achievable  with  repeated 
portable  clock  trips.  This  limitation  may  be  well 
modeled  by  a  white  phase  (or  time)  noise  process,  hence 
a  good  estimate  of  the  comparison  of  two  time  scales  via 
repeated  portable  clock  measurements  is  a  least  squares 
quadratic  fit  to  the  time  difference  measurements.  The 
curves  in  figures  1  and  2  are  a  result  of  such  a  fit  in 
the  comparisons  between  UTC  -  UTC (NBS)  and  UTC(USNO)  - 
UTC(NBS).  If  one  analyzes  the  data  of  figure  1  as 
departures  from  the  fit  due  to  random  instabilities 
other  than  the  assumed  linear  freauency  drift  between  the 
time  scales  involved,  then  one  obtains  the  very  impres¬ 
sive  stability  a^(x  ^  3  months)  between  the  scales  of  1.5 
x  10~14-The  error  and  stability  for  the  BIH/NBS  link  is 
not  as  good  as  can  be  seen  from  figure  2. 

The  time  differences  as  given  by  Loran-C  measure¬ 
ments  are  plotted  in  figure  4.  The  error  and  stability 
associated  with  the  Loran-C  data  are  significantly  worse 
than  those  achievable  by  repeated  portable  clock  trips. 

In  fact,  one  observes  significant  departures  of  the 
Loran-C  measurements  from  the  least-squares  quadratic 
fit  over  the  course  of  a  year  of  almost  1  ys  for  the 
USNO/NBS  data  and  1.5  ys  for  the  BIH/NBS  data.  Also,  the 
data  strongly  suggest  seasonal  variations  in  both  Loran- 
C  links. 

In  summary,  we  submit  that  we  have  shown  that  time 
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scales  can  be  compared  in  frequency  to  parts  in  10  via 
repeated  portable  clock  trips  and  that  the  corresponding 
capability  of  the  LoranC  links  is  about  1  x  10  *  .  The 
data  also  indicate,  that  time  scales  show  drifts  of  the 
order  of  1  x  10  *"*per  year.  It  appears  futile  to  attempt 
scientifically  sound  explanations  of  such  drifts.  However 
their  presence  illustrates  the  importance  of  a  steering 
of  TAI  (and  UTC)  using  data  from  primary  standards. 

This  steering  is  being  implemented  f 5]  by  the  BIH.  Our 
data  show  that,  at  present,  Loran-C  links  would  not  be 
sufficient  to  relate  the  data  needed  for  the  steering 
from  the  contributing  primary  standards  laboratories  to 
the  BIH  and  to  compare  primary  standards  in  these 


laboratories.  Portable  clocks  must  therefore  be  used 
for  these  purposes  until  it  is  demonstrated  that  a 
substitute  system  such  as  a  satellite  based  system  has 
equal  or  better  performance.  We  hope  that  both  small 
rubidium  and  cesium  portable  clocks  will  become  com¬ 
mercially  available  so  that  laboratories  involved  in 
time-keeping  and  coordination  can  take  advantage  of  fthe 
available  time  comparison  accuracy. 
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FIGURE  1  Portable  clock  comparisons  between  USNO  and  NBS.  The  curve,  X(n),  is  a  least  squares,  quadratic  fit: 

2  2 

X(n)  -  (16.27  ps/d  )n  +  (25.60  ns/d)n  -  4.256  ps,  where  n  -  1977  day  count.  D  is  the  fractional 
frequency  drift  per  year.  All  available  rubidium  and  cesium  data  are  plotted.  The  rubidium  measurement 
around  MJD  43080  is  due  to  simultaneous  transport  of  two  independent  clocks,  yielding  agreement  to  within 
50  ns.  The  data  are  "normalized"  to  the  1977  time  scale  rates;  i.e.  the  1976  data  were  adjusted  by  72  ns/day 
for  UTC(NBS)  (61  and  60  ns/day  for  UTC(USNO)  (7 1 .  Horizontal  axis  »  Modified  Julian  Dav  (MJD) 
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FIGURE  2  Portable  clock  comparisons  between  BIH  and  NBS.  The  curve,  X(m,  is  a  least  squares,  quadratic  fit: 

X(n)  »  (22.81ps/d2)n2  +  (6.64  ns/d)n  +  0.837  us  where  n  -  1977  day  count.  D  is  the  fractional 
frequency  drift  per  year.  All  available  rubidium  and  cesium  data  are  plotted.  The  rubidium  measurements 
around  MJD  43150  and  HID  43260  are  due  to  simultaneous  transport  of  two  independent  clocks  each,  yielding 
agreement  to  within  90  ns  for  each  trip.  The  data  are  "normalized"  to  the  1977  time  scale  rates;  i.e.  the 
1976  data  were  adjusted  by  72  ns/day  for  UTC(NBS)  (6)  and  86.4  ns/day  for  UTC  (6,7  ].  Horizontal 
axis  •  Modified  Julian  Day  (MJD).  4f7 
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FIGURE  3  Noise  performance  of  time  scales  and  portable  clock  comparisons.  The  time  scale  noise  model  is 

derived  from  internal  measurements  at  NBS  and  believed  to  be  typical  for  today* s  high  performance  time 
scales.  The  portable  clock  noise  and  the  time  scale  rate  drift  are  calculated  from  the  data  of  figure 
1;  therefore  they  only  apply  to  the  USNO/NBS  comparison. 
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FIGURE  4  Comparison  of  Loran  C  data  and  portable  clock  data  for  the  links  USNO/NBS  and  BIH/NBS.  The  curves  are 
identical  to  those  in  figure  1  and  figure  2.  The  Loran  C  data  are  taken  from  the  BIH  Circular  D.  As 
in  figure  1  and  figure  2,  the  plotted’  rates  are  those  of  1977;  i.e.,  the  1976  data  are  adjusted.  In 
addition,  the  1976  dat#  are  also  modified  to  remove  a  Loran  C  time-step  adjustment  by  the  BIH  on 
1  January  77  (-0.4  us  for  UTC(USNO)  and  -0.2  Us  for  UTC(NBS)  [8] ) . Horitontal  axis  •  Modified 
Julian  Day  (MJD) . 
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distant  comparison  of  stable  frequency  standars  by  means  of  toe  transmission  of  a  BEAT  NOTE  BETWEEN  TOE 
CARRIER  CF  A  TV  BROADCAST  SIOfiL  AND  A  FREQUENCY  SYNTHESIZED  FROM  TOE  FREQUENCY  STANDARS. 
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Sunroary 

In  his  method  of  distant  comparison  of  stable 
atonic  frequency  standars,  a  lew  frequency  beat  note 
is  produced  between  the  carrier  of  a  TV  broadcast 
signal  and  a  signal  which  is  frequency  synthesized 
from  each  frequency  standard, in  laboratories  A  and  B. 
The  audiofrequency  signed,  obtained  in  laboratory  A 
is  transmitted  to  laboratory  B  via  a  telephone  line. 

It  is  phase  compared  to  the  other  audiofrequency 
signed  which  is  locally  produced  in  laboratory  B.  A 
record  of  the  variation  of  the  relative  phases  of  the 
two  frequency  standard;  is  then  easily  achieved.  The 
frequency  of  the  stable  sources  being  converted  up 
to  the  TV  signal  frequency  (close  to  185  MHz  in  the  ex 
-ample  given) ,  one  can  easily  see  that  the  resolution 
of  this  method  of  phase  ccnparison  must  be  excellent. 
The  allowed  resolution  of  frequency  comparisons  is 
then  equal  to  4  x  1CT1  x  1/  t  for  1  s  <  t  <300  s 
and  6  x  1014  for  x  =  1  hour. 

Introduction 

In  order  to  compare  different  clocks,  a  single 
TV  pulse  can  be  used 1  .  This  yields  an  accuracy  of 
roughly  10  ns  i.e.  a  relative  precision  of  10"°  for 
a  m^surement  time  of  1  s,  or  1C11  for  1000  s  or 
10'13for  one  day.  This  points  out  the  fact  that  only 
long  term  measurements  are  significant  with  this 
method.  High  precision  short  term  time  and  frequency 
comparisons  requires  at  least  one  ns  accurary. 

This  can  be  acheved  using  laser  pulses^  ,  vhen  both 
laboratories  are  directly  visible  from  each  other. 

In  this  paper  we  describe  a  new  and  cheap 
method  using  a  TV  carrier  together  with  a  simple 
telephone  line.  It  allows  a  precise  ccnparison  of 
the  short  term  frequency  stability  of  distant  fre¬ 
quency  standards.  The  experiment  has  been  performed 
in  France  between  Orsay  and  Issy-les-Mculineaux 
near  Paris  (Fig  1)  using  a  185  mz  TV  Carrier. 
Although  the  first  laboratory  (Orsay)  is  not  direc¬ 
tly  visible  fran  the  emitting  antenna  (Eiffel 
tower) ,  the  reception  level  is  good  enough. 

Experimental  Set-Up 

A  requirement  of  I  ns  precision  is  equivalent 
to  a  carrier  phase  precision  of  0.4  *  .  This  can 
be  easily  obtained  using  only  low  frequency  measu¬ 
rement,  with  the  set  u  p  shewn  on  figure  2. 

The  two  frequency  standards  to  be  oatpared  are 
both  hydrogen-masers.  The  same  nominal  lew  frequency 
is  synthesized  in  each  laboratory,  as  shewn  on 


figure  3,  fran  the  TV  carrier  and  H-maser  output 
signal  frequencies.  The  telephone  line  is  used  to 
oerpare  the  two  phases  which  should  be  equal  if  the 
frequency  standards  were  Identical . 

Neglecting  the  electric  length  variations  of 
the  wire,  the  possible  phase  changes  might  came  from  : 
the  TV  set,  the  frequency  synthesizer,  the  carrier 
reception  and  fluctuations  of  the  propagation  delay. 
Effect  of  the  TV  set. 

The  TV  set  is  used  as  a  mixer  of  the  TV-video 
carrier  and  of  the  synthesized  signal.  Since  it  is  a 
broadband  device  and  awing  to  the  low  required  ban¬ 
dwidth  (a  few  IOO  Hz  (Corresponding  to  the  lew  frequency 
signal) ,  linear  distorsions  can  be  neglected.  It  has 
been  checked  with  respect  of  both  tuning  an  reception 
level,  that  a  good  enough  phase  stability  is  achieved. 

Synthesizers. 

The  synthesizers  are  very  simple  and  then 
required  phase  stability  is  easy  to  achieve.  With 
ocrmercially  available  synthesizers,  the  phase  of  the 
lew  frequency  signal  depends  upon  the  anplitude  adjus¬ 
tment  of  the  synthesized  signal  (specially  at  176254. 

39  kHz)  but  this  is  a  negligible  effect  since  this 
amplitude  is  a  constant. 

Reception  at  Orsay. 

According  bo  the  experiment,  there  is  good  evi¬ 
dence  that  the  phase  uncertainty  of  the  received  TV 
carrier  is  less  than  0,04  *(0,1  ns)  in  spite  of  the 
emetter  antenna  is  not  directly  visible  from  there. 

Propagation  delay. 

The  two  laboratories  (Qrsay-Facultfi  des  sciences 
and  Issy- les-Moulineaux-  CHET)  are  located  in  the  same 
direction  with  respect  of  the  single  TV  transmitter 
(Paris-Eiffel  tower).  The  distance  between  the  labo¬ 
ratories  is  16  ton.  The  air  refraction  index  may  be . 
evaluated  fran  the  following  formula^ 

(n-1) id?  »  77,6  (p  +  4>10  e) 

T  T 


where  2  -  Besson  J.  et  Parcelier  P. 

p  (mB)  is  the  atmospheric  pressure  "Synchronisation  dans  le  danaine  de  la  nanoseconds 

e  (mB)  is  the  fractional  pressure  of  water  vapor  d'horloges  SloignSes".  Proceedings  of  the  1  X  th 

T  (K  )  is  the  thermodynamic  temperature  International  Congress  of  Chroncmetry  Stuttqart 

16-20/9/1974 

Using  the  table  shown  on  figure  4,  this  can  be  translated 

in  terms  of  propagation  delay  versus  humidity,  assuming  3.  OCIR  -  Avis  453 

a  normal  atmospheric  pressure  as  describe  on  figure  5.  XIII  Assemble  pleiniAre  Geneve  1974  Vox.  5  p  65 
In  the  condition  of  stable  weather,  it  is  clear  that 
the  variations  of  the  propagation  delay  can  be 
negiecfcedt specially  at  low  temperature.  It  should  be 


noticed  that  the  considered  fluctuations  of  the 
propagation  delay  are  a  oamoun  limitation  of  all 
methods  using  such  a  propagation.  It  is  obvions  that 
the  precision  can  be  improved  by  applying  the  relevant 
corrections. 

Experimental  results 


The  dots  on  the  figure  6  show  that  this  method  is 
able  to  achieve  a  precision  in  time  measurement  of  the 
order  of  40  ps  for  sanpling  time  between  one  to  several 
hundreds  seconds.  The  curve  bends  for  a  delay  greater 
than  300  seconds  giving  a  less  good  precision.  There 
the  curve  shows  a -1/2  slope,  unstead  of-  1.  It  is 
not  presently  possible  to  decide  if  this  loss  of 
precision  is  rather  a  result  of  the  measurement 
method  than  an  instability  in  the  nosers  thanselves 
at  the  moment  of  the  experiment.  For  the  purpose  of 
illustration  figure  7  is  a  phase  record  between  two 
distant  hydrogen  masers. 

The  reported  then  allows  a  resolution  of  frequency 
caparison  which  equals  4  x  10-11x  1/  t  for  Is  <  x  < 
300  s  and  6  x  10-14  for  r  =  1  hour. 

The  method  has  been  used  to  (characterize  the  fre¬ 
quency  stability  of  a  stable  (cesium  beam  frequency 
standard  in  Issy-les-Moulineaux,  by  comparison  with 
a  hydrogen  maser  located  16  km  apart  in  Or say.  We 
obtain  a  ( x  =  12  lours)  =  1.1  K>  13 . 

Alternatively,  these  results  shew  that  convenient 
and  precise  measurements  of  the  frequency  of  a  hydro¬ 
gen  maser  are  possible,  relative  to  a  distant  cesium 
beam  frequency  standard,  and  therefore  to  the  best 
realizations  of  the  second,  through  TAI.  Investiga¬ 
tions  and  (checks  of  methods  intended  for  the  improve¬ 
ment  of  the  accuracy  of  the  hydrogen  maser  can  then 
be  easily  implemented,  even  in  the  absence  of  a  nearly 
primary  cesium  beam  frequency  standard. 

Conclusion 

It  has  been  experimentally  proved  that  distant 
(caparisons  of  frequency  standards,  through  the  carrier 
of  a  TV  signal  can  be  made  with  a  precision  which  is 
equivalent  to  a  short  term  resolution  of  40  ps  in 
time  measurement.  The  possibility  of  long  term 
frequency  caparison  can  be  contoplated  in  areas 
where  TV  stations  broadcast  24  hours  a  day. 
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Figure  6-  Results  of  the  frequency  stabilities 
measurements  betwen  distant  hydrogen  masers.  The 
dots  represent  the  experimental  results  which 
are  consistent  with  a  precision  of  40  ps  in  the 
time  comparison.  Curves  A  and  B  represent  the 
frequency  stability  of  the  signals  delivered  by 
the  masers  used  at  the  i.4  CUz  output  and  the 
5  NUz  output  respectively. 


Flgirre  7.  Phase  record  between  two  distant  hydrogen  masers. 
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Abstract 

A  quasi  on-line  data  nrocessing  method  is  proposed 
for  time  comparison  and  time  synchronization  by  means 
of  L.F.  and  V.L.F.  signals.  The  phase  and  amplitude  of 
the  received  signal  is  measured  and  recorded  in  a  suf¬ 
ficiently  short  time  to  allow  the  use  of  signal  avera¬ 
ging  techniques  that  greatly  Improve  the  S/N  ratio. 

Results  on  LORAN  C,  M.S.F.  (A.M.)  and  G.B.R.  (FSK) 
timing  signals  are  presented.  Special  emphasis  is  pla¬ 
ced  on  LORAN  C  signals.  In  this  case,  deconvolution 
techniques  may  be  applied  to  practically  restore  the 
signal  as  it  is  received  at  the  antenna.  Absolute 
E.C.D.  may  thus  be  interpreted  in  terms  of  propagation 
effects.  Some  examples  of  decomposition  into  ground 
wave  and  sky  wave  components  are  given. 

Key  words  :  LORAN  C,  Time  synchronization.  Signal 
averaging,  Deconvolution,  Ground  wave.  Sky  wave,  F.S.K. 

I.  Introduction 

Our  laboratory  is  concerned  with  time  comparison 
and  time  synchronization  by  means  of  L.F.  and  V.L.F. 
signals.  He  are  also  interested  in  sky  wave  propaga¬ 
tion. 

Three  types  of  L.F.  and  V.L.F.  timing  signals  were 
studied  : 

1.  LORAN  C,  a  pulsed  signal  with  a  spectral  bandwidth 
usually  narrower  than  the  reception  bandwidth.  This 
very  interesting  feature  enables  us  to  introduce 
deconvolution  techniques  for  the  pulse  analysis . 

2.  M.S.F. ,  an  A.M.  transmitter.  Here,  the  reception 
bandwidth  is  smaller  than  the  signal  bandwidth. 
Synchronization  difficulties  arise  from  the  fact 
that  the  pulse  shape  is  strongly  dependent  on  local 
antenna  conditions. 

3.  G.B.R. ,  an  F.S.K.  transmitter. 

Since  results  on  M.S.F.  and  G.B.R.  are  already  pu¬ 
blished  elsewhere  (1),  (2),  (3),  only  a  brief  outline 
of  these  techniques  will  be  reported  here,  and  emphasis 
will  be  placed  on  the  study  of  LORAN  C  signals. 

Studies  of  synchronization  signals  are  often  per¬ 
formed  by  means  of  analogic  devices.  These  procedures 
are  generally  cumbersome  and  rather  slow.  A  quasi  on¬ 
line  data  processing  method  was  developed  to  measure 
and  to  record  in  a  few  j*s  the  "hase  and  the  amplitude 
of  the  received  signal.  Furthermore,  during  the  ex¬ 
periment,  a  check-up  of  all  the  characteristics  of  the 
receiver  is  performed.  According  to  the  results  of 
this  operation,  a  correction  is  introduced  on  the  si¬ 
gnal.  In  the  most  favorable  case  (LORAN  C) ,  the  use  of 
deconvolution  techniques  enables  us  to  practically 
restore  the  signal  as  it  is  received  at  the  antenna. 

II .  Need  of  deconvolution 

It  is  well  known  that  the  effect  of  a  filter  on  an 


R.F.  pulse  is  to  produce  on  the  carrier  a  delay  de¬ 
pending  mainly  on  the  phase  characteristics  of  the 
filter  at  the  tuned  frequency.  On  the  other  hand,  the 
shape  of  the  envelope  will  also  be  affected.  As  long 
as  the  envelope  deformation  is  small,  we  can  roughly 
consider  this  as  a  mere  delaying  of  the  envelope. 

It  is  clear  that  both  delays  -  on  the  envelope  and 
on  the  carrier  -  are  in  general  different. 

Hence,  any  attempt  to  interpret  absolute  E.C.D. 
in  terms  of  propagation  effects  is  meaningless  when 
performed  directly  on  the  output  signal.  This  signal 
is  Indeed  the  result  of  a  convolution  between  the 
input  signal,  i.e.  the  IDRAN  C  pulse  as  it  is  recei¬ 
ved  at  the  antenna,  and  the  impulse  response  of  the 
whole  receiving  system,  acting  as  a  filter.  Thus, 
actual  measurements  on  the  output  signal  result  from 
the  past  history  of  the  input  signal  at  the  measure¬ 
ment  time,  that,  because  of  the  delay  Introduced  by 
the  filter,  already  covers  a  much  longer  span. 

As  an  example  (Figure  1) ,  let  us  assume  that  the 
delay  introduced  by  the  filter  is  25  fts.  The  deter¬ 
mination  of  the  30  fts  tracking  point  on  the  output 
signal  will  in  fact  depend  on  the  events  that  occur¬ 
red  during  the  first  55  ft s  (30  +  25  fts)  on  the  input 
signal.  This  means  that  when  the  experimenter  is 
measuring  the  tracking  point,  the  received  signal  is 
almost  reaching  its  maximum.  Consequently,  at  the 
output,  an  assumed  purely  ground  wave  portion  of  the 
pulse  may  already  be  slightly  contaminated  by  a  sky 
wave.  It  follows  that  a  complete  understanding  of 
the  received  LORAN  C  signal  and  its  separation  into 
ground  wave  and  sky  wave  comnonents  requires  the 
knowledge  of  the  signal  at  the  antenna.  This  can  only 
be  done  by  means  of  deconvolution  techniques. 

III.  Experimental  setup 

A  block  diagram  of  the  system  is  shown  in  Figure  2. 
The  experimental  setup  is  composed  by  a  reception 
system  for  the  LORAN  C  signals,  a  data  acquisition 
and  data  processing  system  and  a  timing  unit  : 

Reception  system 

The  LORAN  C  signals  are  received  by  a  loon  anten¬ 
na,  consisting  of  a  7  turn  coil  of  72  cm  diameter. 

This  antenna  has  an  impedance  of  50Xt  at  100  kHz. 

The  receiver  is  a  4  pole  bandpass  Buttervorth  filter, 
tuned  to  100  kHz  with  a  20  kHz  bandwidth.  It  is  com¬ 
posed  by  four  BURR-BROWN  UAF  21  active  filters,  used 
as  specified  by  the  manufacturer  (4).  A  low  norsr- 
preamplifier  matches  the  5011  coaxial  lit.e  of  the 
antenna  to  the  100  kfl  innut  Impedance  of  the  recei¬ 
ver.  The  main  characteristics  of  the  receiving  sys¬ 
tem  are  summarized  in  Figure  3. 

Data  acquisition  and  data  processing  system 

The  sample  and  hold  DATE1,  SKM-UH  has  .’no  ns 
aperture  time  and  an  acquisition  tine  of  3i  r.s  for 
a  5  V  input  ster.  The  analog  to  digital  converter 
DATEL  G8B3C  is  of  the  8  bit  type  with  a  800  n!S  con¬ 
version  time.  Control  of  the  data  and  the  signal 
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averaging  are  performed  on-line  by  a  8  K  VAR IAN  520  i 
mini-computer.  The  D.M.A.  has  a  4.4  x  10^  bvtes/s 
transfer  rate.  The  preprocessed  data  are  sent  by  a 
telex  line  to  a  C.D.C.  6600  computer  for  complete 
processing. 

Timing  system 

The  triggering  pulses  for  the  sampling  procedure 
are  generated  by  a  timing  unit  including  a  RHODE  and 
SCHWARTZ  X.S.D.  quartz  oscillator,  synthesizers  and 
an  epoch  monitor.  The  timing  unit  also  produces  pul¬ 
ses  of  60  ns  duration  for  the  measurement  of  the 
impulse  response  of  the  antenna-receiver  system.  This 
60  ns  pulse  is  emitted  by  the  auxiliary  loop  (Figure 
2)  at  the  G.R.P.,  between  two  groups  of  L0RA!I  C  pul¬ 
ses  . 


much  more  rapidly  than  H($),  f(t)  may  be  reconstruc¬ 
ted  with  a  minimum  of  distortion.  In  practice,  the 
quality  of  the  signal  reconstruction  will  be  limited 
by  the  noise  on  H($).  Hence,  to  avoid  degradation  of 
the  LORAN  C  signal  by  the  noise  on  H(0),  the  transfer 
function  bandwidth  has  to  be  limited  for  the  recons¬ 
truction.  Thus  far,  H(0)  is  usually  defined  by  means 
of  25  spectral  lines,  ranging  from  Cl. 25  kHz  to 
118.75  kHz.  Figure  10  a  shows  good  agreement  between 
a  reconstructed  theoretical  L0RAN  C  pulse  after  re¬ 
duction  of  the  transfer  function  bandwidth  and  the 
theoretical  pulse  itself.  From  Figure  10  b,  it  can  be 
seen  that  the  discrepancy  in  time  between  the  two 
pulses  does  not  exceed  0.75  /is.  Moreover,  as  the  er¬ 
ror  introduced  by  the  limitation  on  the  transfer 
function  bandwidth  is  known,  it  is  possible  to  take 
it  into  account  in  further  calculations. 


IV.  Data  processing 

A  preprocessing  of  the  data  is  first  performed  on¬ 
line  on  the  VARIAN  520  i  minicomputer.  Next,  a  more 
complete  processing  follows  the  sending  of  the  pre- 
processed  data  to  the  C.D.C.  6600  computer. 

The  on-line  processing  of  the  data  on  the  minicom¬ 
puter  involves  the  following  steps  : 

1.  Sampling  of  the  pulse  for  an  interval  of  640  J^s 
at  a  frequency  rate  of  400  kHz. 

2.  Checking  the  reliability  of  the  sampled  pulse. 
Pulses  not  meeting  predetermined  criteria  for  ma¬ 
ximum  allowable  deformation  and  noise  levels  are 
rejected. 


Once  the  LORAN  C  pulse  as  it  is  received  at  the 
antenna  is  obtained,  we  can  proceed  to  the  separation 
into  ground  wave  and  sky  wave  components.  This  de¬ 
composition  is  performed  by  means  of  successive  sub¬ 
tractions  of  the  ideal  shape  in  t2e“,4tsin(wt)  (5) 
from  the  corrected  LORAN  C  signal.  The  parameter  4 
is  adjusted  by  minimizing  the  discrepancy  between  the 
ideal  leading  edge  t^e”-t  and  the  leading  edge  of  the 
pulse.  For  the  LORAN  C  received  at  Brussels,  has 
a  typical  value  of  2/62.5  Jis.  In  our  analysis,  the 
subtraction  procedure  is  stopped  when  the  amplitude 
of  the  remaining  signal  is  less  than  20%  of  the  ini¬ 
tial  amplitude.  In  the  future,  more  objective  crite¬ 
ria  need  to  be  defined  to  stop  the  subtraction  pro¬ 
cedure  . 

V.  LORAN  C  results 


3.  Signal  averaging. 

Steps  1  to  3  are  repeated  until  the  specified 
number  of  pulses  -  usually  400  to  1000  -  are  averaged. 

For  monitoring  purposes,  the  averaged  pulse  and 
the  last  sampled  pulse  are  displayed  on  a  scope.  Fi¬ 
gures  4  to  7  show  typical  displays,  obtained  from 
different  stations  of  the  Norwegian  and  the  Mediter¬ 
ranean  chains. 

The  on-line  processing  lasts  about  70  ms.  As  the 
Norwegian  and  the  Mediterranean  G.R.P.  are  79.7  and 
79,9  ras,  respectively,  only  the  first  pulse  of  the 
signal  is  analyzed. 

The  position  of  the  synchronization  pulse  for  the 
sampling  procedure  is  adjusted  so  that  the  LORAN  C 
pulse,  as  well  as  the  impulse  response,  are  centered 
on  the  middle  of  the  sampling  window. 


The  ground  wave  and  the  different  sky  wave  compo¬ 
nents  are  each  characterized  by  their  delay  td,  phase 
M  and  amplitude  Ar.  The  delay  is  the  time  interval 
elapsed  between  the  beginning  of  the  sampling  window 
and  the  detection  of  each  component.  The  phase  is 
calculated  at  the  zero  crossing  times  of  the  carrier, 
around  the  maximum  amplitude.  The  sky  wave  amplitudes 
are  expressed  as  a  percentage  of  the  ground  wave  am¬ 
plitude  and  are  thus  relative  amplitudes.  In  Table  I, 
r.m.s.  values  of  these  characteristics  are  given  for 
Sylt,  situated  at  514  km  from  Brussels,  and  refer  to 
results  obtained  since  the  beginning  of  this  year. 

Table  1 

Ground  wave  Sky  wave 

Delay  t^  ;  0.80/*s  1.46 /is 

Phase  jitter  ;  15  ns  109  ns 


The  averaged  data  arc  sent  by  a  telex  line  to  a 
C.D.C.  6600  computer  for  complete  data  processing, 
that  includes  tie  deconvolution  and  the  decomposi t ion 
inro  ground  wave  and  sky  wave  components ,  The  decon¬ 
volution  procedure  Is  illustrated  in  Figure  8  :  the 
averaged  pul.se,  p(t),  and  the  averaged  Impulse  res¬ 
ponse  of  tin  receiving  system,  h(t),  arc  Fourier 
traes  'ormei  .v*  J  convolved.  The  result  of  the  ilecon- 
vol  ut  i  *n  Me*.. *■;  tec  Fourier  transform  K(0)  of  the  in- 
nut  signal.  The  LORAN  C  nulse,  f(t),  is  then  easily 
'h t-iined  by  caking  the  inverse  Fourier  transform  of 
**<*). 

The  spectrum  of  the  theoretical  LORAN  C  pulse, 
Ftf0)  and  the  spertrun  of  the  receiving  system.  It  CO ) 
are  compared  i  “  .me  ).  As  1\(0)  ir:  going  to  zero 


Amplitude  Ar  ;  2  %  4  % 

Since  Sylt  is  the  LORAN  C  emitter  nearest  to  Brus¬ 
sels,  most  results  reported  here  refer  to  this  sta¬ 
tion. 

A  typical  example  of  decomposition  into  ground 
wave  and  sky  wave  is  illustrated  in  Figure  11.  This 
examole  refers  to  a  pulse  from  Sylt,  obtained  by  ave¬ 
raging  over  400  valid  pulses.  The  deconvolved  pulse 
is  shown  above.  In  the  middle,  the  ground  wave  is 
given  with  a  normalized  amplitude  of  1.  The  detected 
skv  wave,  shown  below,  has  a  relative  amplitude  of 
0.74  and  a  delay  of  57.66  f*s  with  respect  to  the 
ground  wave.  This  delay  is  consistent  with  a  refle- — 
tion  between  60  and  65  km  altitude. 
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The  decomposition  process  depends  on  the  knowledge 
of  the  exact  pulse  shape  at  the  emitter.  It  is  unfor¬ 
tunate  that  very  little  information  is  available  in 
the  literature.  For  instance,  we  do  not  know  what  the 
phase  variation  is  during  the  decaying  of  the  pulse. 

However,  the  decomposition  method  may  be  applied 
in  more  complicated  situations,  where  multiple  sky 
waves  are  present,  as  shown  in  Figure  12.  In  this 
pulse*  received  from  Sylt  on  March  6,  1977  at  23^, 
three  different  sky  waves  were  detected.  The  validity 
of  the  decomposition  may  be  determined  by  the  cons¬ 
tancy  of  the  phase  in  the  last  residual  impulsion. 
Such  a  configuration  can  be  explained  by  single  and 
multiple  reflections  at  60  and  90  km  altitude. 

VI .  H.S.F.  and  G.B.R.  results 

The  same  experimental  setup  developed  for  the  . 
LORAN  C  signals  may  be  used  for  the  study  of  A.M.  and 
F.S.K.  time  signals.  In  these  cases,  the  signal  band¬ 
width  is  larger  than  the  receiver  bandwidth,  hence, 
deconvolution  techniques  may  no  longer  be  applied. 
Therefore,  appropriate  methods  for  the  analysis  of 
A.M.  and  F.S.K.  signals  were  developed. 

1.  A.M.  signals  (M.S.F.) 

In  this  case,  the  oulse  shape  is  strongly  depen¬ 
dent  on  local  antenna  conditions.  It  is  also  influen¬ 
ced  by  the  variations  of  the  transmitter  characteris¬ 
tics.  However,  reproducible  measurements  may  be  ob¬ 
tained  by  defining  a  "characteristic  point"  at  85f' 
of  the  mean  amplitude  (6).  During  24-hour  intervals, 
the  r.m.s.  error  due  to  propagation  and  emission  con¬ 
ditions  is  of  the  order  of  20  )*s.  Fluctuations  of 
the  order  of  50  ^s  arc  observed  during  one-year  pe¬ 
riods. 

2.  F.S.k,  signals  (G.B.R.) 

F.S.K.  is  obtained  by  a  commutation  between  16  kH* 
and  15.95  kHz  (7).  The  commutation  is  made  when  the 
phases  of  the  two  frequencies  are  both  zero.  This 
happens  e,fery  50  ms. 

Due  to  the  short  distance  (420  km)  that  separates 
our  laboratory  from  the  V.L.F.  transmitter,  interfe¬ 
rences  between  ground  wave  and  sky  waves  occur.  Con¬ 
sequently,  the  results  sray  be  difficult  to  interpret 
(8).  During  day-time,  the  r.m.s.  error  obtained  on 
the  measurement  of  the  time  keying  is  of  the  order 
of  20  although  the  F.S.K.  emission  from  G.B.R. 
is  not  primarily  intended  for  time  dissemination  (3). 

VI T.  rori  L  1  us  ions 

The  digital  method  presently  described  is  particu¬ 
larly  well  suited  for  time  synchronization.  Averaging 
and  processing  indeed  permit  a  better  precision, 
barge  volumes  of  infer:  Ion  can  be  very  easily  pro¬ 
cessed  and  oro' r.mrnnt  i  m  •■•rsatilitv  allows,  with  the 
s.uvi  o'j  iip  •  ent ,  measur  •  ms  on  sign.  Is  ’s  different 
;S  ,i'..  and  LOMA'I  .  i.:s  th-'  future,  -'nr.:  the  pro¬ 
cedure  1 made  operation-],  i  continual.:;  and  auto¬ 
matic  processing  would  he  possible  wit!;  the  help  of 
i\  microprocessor . 
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Figure  2.  Slock  diagram  of  the  experimental  setun. 


FIGURE  4 


FIGURE  5 


Figures  4  to  7. 

These  figures  show  different  LORA"  C  nulses  of  the  Norwegian  and  the 
Mediterranean  chains,  after  the  sampling  and  the  averaging. 

The  right  part  of  each  figure  is  the  oulse  as  it  is  sampled .  The  result 
of  the  averaging  of  the  last  nulse  with  the  previous  ones  is  shown  on 
the  left  part  of  the  figure. 

Figure  A  :  SYLT  (Norwegian  chain  -  IK  km  from  Brussels) 

Figure  S  :  EJDE  (Master  of  the  Norwegian  chain  -  1ATP  kn  from  Brussels) 
Figure  6  :  SAN  MUR  (Norwegian  chain  -  2?<V)  kr.  from  Brussels) 

Figure  7  :  LA’OMIPUSA  (Mediterranean  chain  -  lF’T  hr  from  Brussels) 
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FIGURE  11.  Decomposition  Into  ground  wave  and  sky 
wave  of  a  pulse  received  from  Sylt  on  April  7, 
1977  at  12h36. 


FIGURE  12.  Decomposition  Into  ground  wave  and  sky 
waves  of  a  pulse  received  from  Sylt  on  March  6, 
1977  at  23hOO. 
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Introduction 

Under  a  program  to  develop  a  very  stable  clock  for 
the  NAVSTAR  Global  Positioning  System  (GPS)  satellite, 
several  designs  using  the  hydrogen  atom,  have  been  con¬ 
sidered.  These  include  the  passive  resonance  and  the 
active  oscillator  as  well  as  various  cavity  mode  and 
storage  cell  configurations.  A  design  has  been  chosen 
which  uses  the  hydrogen  maser  principle.  The  philoso¬ 
phy  has  been  tc  achieve  a  high  performance  in  fre¬ 
quency  stability  and,  where  possible,  to  use  design 
approaches  which  have  been  proven  by  experience  with 
long  term  operation  in  ground  based  hydrogen  masers. 
This  approach  is  feasible  while  still  satisfying  the 
size,  weight  and  power  restriction  required  by  space 
craft.  The  main  objectives  are  to  achieve  a  stability 
of  better  than  1  part  in  1014  for  averaging  times  be¬ 
tween  100  seconds  and  10  days  and  to  have  a  weight  less 
than  90  pounds  within  a  space  of  15  inches  (38  cm) 
diameter  by  30  inches  (76  cm)  long.  In  this  paper,  the 
design  of  the  spacecraft  hydrcgen  maser  will  be  pre¬ 
sented  and  test  data  on  completed  components  will  be 
given. 


ure  2.  The  details  of  the  various  component  parts  of 
the  clock  are  given  in  a  later  section.  The  basic 
features  of  our  design  are: 

(a)  Standard  low  pressure  vessel  for  storage  of 
molecular  hydrogen; 

(b)  A  palladium-silver  purifier  and  valve; 

(c)  A  capacitively  RF  coupled  dissociator  using 
a  pyrex  bulb  having  an  ion-depleted  inside  surface; 

(d)  The  collimator  consists  of  a  single  0.U127  cm 
diameter  hole  in  0.1016  cm  thick  glass  wafer; 

(e)  A  small  quadrupole  state  selector; 

(f)  A  cylindrical  storage  cell  of  thin  film  FEP 
teflon; 

(g)  A  microwave  cavity  consisting  of  a  molybdenum 
cylinder  with  aluminum  end  plates; 

(h)  Fine  tuning  of  cavity  done  by  thermal  expan¬ 
sion; 

(i)  Magnetic  field  coil  with  trim  coils  on  both 

ends ; 

(J)  Two  vacuum  chambers; 

(k)  Four  magnetic  shields; 

(l)  Two  secondary  temperature  isolation  ovens; 

(m)  Degaussing  capability. 


Overall  Description,  Design  and  Performanc ? 

The  atomic  hydrogen  maserd)  is  a  conceptually 
simple  device  as  shown  by  the  block  diagram  of  Fig.  1. 
Molecular  hydrogen  is  purified  and  enters  a  glass 
chamber  where  it  is  dissociated  into  atoms  of  hydrogen 
by  an  RF  discharge.  Neutral  atoms  of  hydrogen  emerge 
from  the  glass  discharge  chamber  through  a  small  aper¬ 
ture  (collimator)  and  then  pass  through  a  magnetic 
state  selector.  In  the  state  selector,  undesired 
atoms  are  defocused  while  the  desired  atoms  (atoms  in 
the  two  higher  energy  states)  are  focused  to  pass  into 
a  large  storage  cell  which  is  located  in  a  microwave 
cavity.  Due  to  maser  action,  the  atoms  in  decaying  to 
a  lower  energy  state  emit  radiation  at  a  well  defined 
frequency  near  1.4  GHz  which  is  then  coupled  out  of 
the  cavity  and  can  then  be  processed  to  match  the  user 
requirements.  This  is  a  simplified  version  of  the 
clock  and  an  actual  hydrogen  clock  must  include  mag¬ 
netic  and  thermal  shielding,  magnet  field  coils, 
vacuum  enclosure,  pumps  and  various  electronic  con¬ 
trol  systems. 

The  design  presented  in  this  paper  is  primarily 
intended  for  an  advanced  development  model  of  a  clock 
for  use  in  the  Global  Positioning  System.  Our  princi¬ 
pal  philosophy  is  to  build  a  reliable,  long-lived  clock 
having  a  stability  of  at  least  1  part  in  10l^  while 
meeting  the  stringent  environmental  requirements  for 
space  travel.  In  order  to  meet  the  system  require¬ 
ments,  the  weight  of  the  clock  must  be  less  than  90 
pounds  and  must  fit  within  a  volume  of  38  cm  (15  inch¬ 
es)  in  diameter  by  76  cm  (30  inches)  long.  The  design 
is  largely  based  on  research  results  of  NASA  GoddardI2) 
A  cross  sectional  view  of  our  design  is  shown  in  Fig- 
* 
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With  the  design  features  given  above,  the  theo¬ 
retical  performance  parameters  of  the  development  model 
of  the  space  clock  are : 


(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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(h) 
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Long  term  stability 
(102  <  T  5  106) 

Perturbing  noise  level  ^ 

(102  S  T  S  104)  f 

Spin  exchange  parameter  "q"  0.05 

Transverse  shielding  factor  130,000 

Axial  shielding  factor:  passive  30,000 
active  >10^ 

Molecular  hydrogen  con-  0.02  moles/year 

sumption 


Apart  from  self-explanatory  terns,  the  parameters  above 
are:  I  is  the  net  beam  flux  (the  difference  in  the 
flux  of  atoms  entering  in  the  higher  energy  state  of 
the  maser  transition  and  the  lower  energy  state)  ;  !th 
is  the  threshold  flux  for  oscillation  to  occur  provid- 


ing  spin  exchange  is  neglected;  q  is  a  quality  factor 
of  the  clock,  see  D.  Kleppner;  et  al(3)  for  further 
definitions.  The  predicted  performarce  of  the  clock  is 
given  in  Figure  3. 


Component  Design  Description 
Molecular  Hydrogen  Supply 

The  hydrogen  supply  in  all  ground-based  hydrogen 
clocks  is  a  cylinder  with  a  volume  of  about  1-liter  and 
the  gas  at  a  pressure  of  100C  psi.  In  the  space  probe 
maser(^)  developed  by  the  Smithsonian  Astrophysical 
Observatory  (SAO) ,  the  hydrogen  supply  consisted  of 
about  70  grams  of  LiALH^.  When  heated,  the  LiALHq  re¬ 
leases  hydrogen  at  a  rate  controlled  by  the  tempera¬ 
ture  of  the  material.  In  this  design,  we  intend  to  use 
a  pressure  vessel  with  a  volume  of  0.4  liter  and  the 
gas  at  300  psi.  This  corresponds  to  a  storage  of  0.4 
mole  of  molecular  hydrogen  and  with  a  hydrogen  consump¬ 
tion  rate  of  0.02  moles  per  year,  the  hydrogen  would 
last  20  years.  This  type  of  storage  is  simple  and  re¬ 
liable  and  does  not  require  any  preparation  of  new 
materials.  The  container  weighs  about  453  grams  (1 
pound)  and  occupies  a  space  of  500  cm3.  Thus  the  only 
disadvantage  in  the  above  approach  is  size.  If  the 
size  becomes  critical,  a  metal  hydride  can  be  used  for 
the  storage  of  hydrogen.  There  are  a  number  of  metal 
hydrides (o)  which  can  be  used  and  some  testing  is  need¬ 
ed  before  final  selection.  The  candidates  are  depleted 
uranium  metal,  the  LaNi5-H  system  and  LiALH4 .  For  ex¬ 
ample,  100  grams  of  uranium  metal  would  adequately  sup¬ 
ply  the  needed  molecular  hydrogen  while  occupying  a 
space  of  5-10  cm-*.  For  the  depleted  uranium  metal,  the 
pressure  P(mm)  of  the  hydrogen  at  a  temperature  T  is 
given  by 

9  104 

P  -  1.6x10  exp  [-1.027  x  — ] 

Purifier/Valve 

The  purifier  to  be  used  consists  of  a  solid  metal¬ 
lic  pellet  alloy  of  75%  palladium  and  25%  silver  which 
restricts  gas  flow  through  a  small  tube.  The  pellet 
permits  hydrogen  diffusion  while  blocking  all  other 
matter  and  the  rate  of  hydrogen  diffusion  is  controlled 
by  the  temperature  of  the  alloy.  The  mechanical  assem¬ 
bly  shown  in  Figure  4  is  relatively  easy  to  fabricate 
and  process.  The  incorporation  of  the  copper  sleeve 
improves  thermal  conductivity  and  welding.  The 
copper-stainless  steel  joints  need  no  special  prepara¬ 
tion  for  brazing  and  the  copper-copper  and  copper- 
pellet  surfaces  can  be  very  readily  brazed  together. 

The  temperature  of  the  pellet  is  varied  by  a  resistance 
heater  wound  on  the  copper  sleeve.  A  temperature  of 
about  75°C  is  needed  to  achieve  a  pressure  of  0.05mm 
in  the  dissociator  as  shown  in  Figure  5. 

Pressure  Control 

The  pressure  control/gauge  is  simply  a  thermistor 
having  a  small  thermal  Inertia.  The  thermistor  sensor 
Is  placed  In  a  copper  block  whose  temperature  Is  held 
constant  by  a  separate  sensor  which  controls  a  heater 
wound  around  the  copy- r  block,  thus  ensuring  that  the 
pressure  sensor  Is  In  a  constant  temperature  environ¬ 
ment.  The  pressure  sensor  is  part  of  a  bridge  circuit 
in  which  the  emf  of  the  sensor  Is  compared  to  an  ad¬ 
justable  reference  voltage  in  order  to  establish  the 
heating  current  for  the  palladium-silver  leak  and  thus 
maintaining  the  source  pressure  at  the  desired  level. 
The  response  of  the  pressure  regulator  to  steps  In  the 
reference  voltage  la  shown  In  Figure  6. 


Dissociator  and  Collimator 

Molecular  hydrogen  is  converted  to  atomic  hydro¬ 
gen  in  the  dissociator.  The  most  popular  form  of  dis¬ 
sociator  is  a  glass  chamber  in  which  a  gaseous  dis¬ 
charge  is  maintained.  The  discharge  is  driven  by  an 
R.F.  field  having  a  frequency  near  lit)  MHz.  The  radio 
frequency  is  coupled  to  the  plasma  either  Inductively 
or  capacitively  using  external  electrodes.  Molecular 
hydrogen  is  dissociated  by  collisions  with  hot  elec¬ 
trons  in  the  plasma.  The  hydrogen  atoms  formed  dif¬ 
fuse  towards  the  wall  where  they  may  recombine.  Due  to 
the  low  probability  of  recombination,  a  high  density 
of  atomic  hydrogen  is  built  up  in  the  discharge  cham¬ 
ber.  Hydrogen  at  a  steady  state  pressure,  typically 
0.05mm,  is  maintained  in  the  discharge  chamber  by 
suitably  controlling  the  palladium  leak  valve.  The 
atomic  hydrogen  beam  exits  through  a  small  hole  or 
holes  (collimator)  in  the  wall  of  the  glass  chamber. 

Both  the  discharge  condition  and  the  surface  con¬ 
dition  of  the  wall  are  important  in  order  to  optimize 
the  dissociator  performance.  The  discharge  determines 
the  power  requirements  to  obtain  a  certain  dissocia¬ 
tion  rate.  The  wall  determines  the  recombination  rate, 
which  critically  depends  on  wall  temperature  and  on 
wall  contamination.  The  discharge  plasma  and  the  wall 
interact  and  thus  optimization  must  involve  considera¬ 
tion  of  both. 

A  sketch  of  the  dissociator  design  and  its  metal 
housing  are  shown  in  Figure  7.  The  glass  bulb  is 
typically  6.3  cm  (2.5  inch)  in  diameter  and  7.1  cm 
(2.8  inch)  long.  The  frequency  is  around  110  MHz,  the 
total  dc  power  required  for  the  electronics  is  11 
watts,  and  capacitive  coupling  is  used.  We  have  three 
complete  dissociator  units  made  from  different  glasses 
for  the  bulb  under  life  test.  The  three  bulbs  are; 
pyrex  7740,  fused  quartz,  and  ion-depleted  pyrex  7740. 

A  photograph  of  an  operating  unit  is  shown  in  Figure  8. 

The  dissociator  life  test  system  with  the  pyrex 
bulb  has  been  operating  continuously  since  August  1976 
with  no  measurable  degradation  in  performance  and  neg¬ 
ligible  coloring  of  the  glass.  The  test  units  with 
quartz  and  the  ion-depleted  glass  bulb  have  been  oper¬ 
ating  continuously  since  February  1977.  [Ion-depletion 
is  a  process  that  removes  mobile  ions  from  the  surface 
of  a  glass  by  the  application  of  an  electric  field  to 
a  "blocking"  anode  at  temperatures  of  a  few  hundred  de¬ 
grees  centigrade.  A  "blocking"  anode  is  one  that  does 
not  inject  ions  into  the  glass  and  this  anode  must 
allow  oxygen  to  evolve  from  the  glass  surface.]  Using 
optical  detection  of  the  atomic  hydrogen  lines  as  a 
measurement  tool,  we  find  only  small  differences  in  the 
intensity  of  the  atomic  hydrogen  lines  between  the 
three  units.  The  temperature  of  the  pyrex  bulbs  with¬ 
out  any  cooling  is  90°C  while  that  of  the  quartz  bulb 
is  98’C.  However,  the  electronic  circuit  was  optimized 
only  for  the  pyrex  bulbs.  Both  pyrex  bulbs  ignite 
without  the  use  of  a  separate  excitation  circuit.  The 
quartz  bulb  Ignites  but  is  more  sensitive  than  the  py¬ 
rex  bulbs.  From  spectroscopic  tests,  we  find  that  the 
optical  intensity  of  the  atomic  hydrogen  lines  are  sub¬ 
stantially  more  Intense  than  the  molecular  hydrogen 
lines  (see  Fig.  9).  We  have  found  that  Increasing  the 
pressure  causes  the  atomic  hydrogen  spectral  intensity 
to  decrease  and  increasing  the  temperature  of  tjie  bulb 
causes  a  decrease  in  the  atomic  hydrogen  spectral 
intensity. 

We  intend  to  use  a  pyrex  bulb  in  our  demonstration 
model  with  an  ion-depleted  surface.  The  dissociator 
assembly  will  Include  an  optical  monitor  for  optical 
monitoring  of  the  atomic  hydrogen  Balmer  a-llne  6563A. 
The  collimator  will  consist  of  a  single  0.0127  cm  di¬ 
ameter  hole  in  one  end  of  the  glass  bulb. 
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State  Selector  , 

The  leaser  criterion  requires  that  the  number  of 
atoms  in  the  upper  energy  state  be  larger  than  the 
number  of  atoms  in  the  lower  energy  state.  This  is  an 
abnormal  condition  and  certain  techniques  must  be  em¬ 
ployed  to  reach  this  non-equilibrium  population  distri¬ 
bution.  The  hydrogen  atoms  as  they  emerge  from  the 
dissociator  bulb  would  have  a  normal  Boltzmann  popula¬ 
tion  distribution  of  atoms,  i.e.,  the  lowest  energy 
states  would  have  the  largest  number  of  atoms.  Because 
the  operating  temperature  is  high,  the  four  lowest 
energy  states  are  essentially  equal  in  population.  The 
function  of  the  state  selector  is  therefore  to  filter 
out  the  lowest  energy  state  atoms  and  allow  the  atoms 
in  the  higher  energy  states  to  reach  the  cavity.  Thus, 
the  state  selector  maximizes  the  flux  of  the  atoms  in 
the  upper  state  delivered  to  the  cavity  while  blocking 
or  minimizing  the  number  of  lower  state  atoms  reaching 
the  cavity. 


have  an  applied  field  of  0.5  to  1.0  milligauss-  Ine 
applied  field  is  normally  generated  Dy  passing  current 
through  a  solenoid  whose  axis  coincides  witft  tnat  of  a 
TEqh  cylindrical  cavity.  The  stability  requirements 
of  the  current  source  is  a  function  of  tne  applied  field 
strength.  For  example  for  a  stability  of  1  part  in 
10*5  at  a  field  of  10"^G,  the  required  current  stabil¬ 
ity  is  0.025%  while  at  an  operating  field  of  10“^  G  the 
required  stability  is  only  2.5  %.  Thus  tne  stability 
of  the  current  supply  for  the  solenoid  is  not  a  prob¬ 
lem.  Furthermore,  the  lower  the  applied  field,  the 
smaller  is  the  effect  of  the  field  (current)  fluctuations 
on  the  clock  frequency.  This  is  seen  from  the  rela¬ 
tionship  between  the  maser  frequency  f,  and  the  mag¬ 
netic  fieliti  H,  given  by 

£  -  f  +  2.75  x  10?  H2 
o 

where  fQ  *  zero  field  hyperfine  splitting  frequency  in 
Hz  and  H  is  the  applied  magnetic  field  in  Gauss. 


In  the  past,  two  types  of  magnet  designs  were  em¬ 
ployed;  the  hexapole  design  which  has  a  quadratic  vari¬ 
ation  of  field  strength  with  radius  from  axis  and  the 
quadrupole  design  which  exhibits  a  linear  variation  of 
field  strength  with  radius.  Both  types  of  units  have 
been  successfully  used  in  operating  ground  based  clocks. 
The  design  of  the  units  have  also  improved  with  time 
and  are  now  more  efficient  than  the  older  models. 

From  analysis  and  from  the  experiments  of  fc. 

Peters  at  NASA  GSFC  with  state  selectors  of  differing 
lengths,  bore  diameters,  field  strength  and  with  and 
without  stopping  discs;  the  quadrupole  design  was 
shown  to  have  an  advantage  over  the  hexapole  design. 

For  example,  the  quadrupole  does  not  require  a  stop  or. 
the  beam  axis  as  required  by  the  hexapole  to  interrupt 
on-axis  atoms  with  zero  transverse  velocity.  The 
transverse  magnetic  deflection  force  exerted  by  the 
hexapole  is  zero  on  axis  while  that  of  the  quadrupole 
is  constant  with  radius.  The  quadrupole  design  has 
greater  gaps  between  pole6  and  provides  higher  pumping 
speeds  for  the  unfocused  hydrogen.  The  quadrupole  de¬ 
sign  is  simpler  and  easier  to  make — four  versus  six 
poles. 

We  have  designed  a  small  quadrupole  state  selector 
which  will  be  used  in  the  maser  now  under  construction. 
The  design  is  simple  and  employs  soft  iron  for  the 
cylinder  and  for  the  pole  tips  (see  Figure  10) .  Four 
rectangular  permanent  magnet  pieces  are  placed  be¬ 
tween  the  soft  iron  cylinder  and  tips.  The  permanent 
magnetic  material  is  rare  earth-cobalt,  a  standard  item 
which  can  readily  be  purchased.  The  material  nas  an 
energy  BH  product  of  12  million  gauss-oersted  and  the 
design  will  give  a  minimum  of  10  kilogauss  at  the  max¬ 
imum  field  position.  The  unit  has  a  diameter  of  3.8  cm 
and  a  length  of  3.2  cm  with  a  bore  diameter  of  0.05  cm. 
The  weight  of  the  unit  is  0.8  pound  (362  grams)  and 
occupies  a  volume  of  36  Cm-*.  This  design  of  the  state 
selector  permits  a  distance  of  8.25  cm  between  the 
state  selector  exit  and  the  entrance  to  the  cavity. 

Magnetic  Field  and  Magnetic  Shielding 

The  ground  state  energy  levels  of  atomic  hydrogen 
are  such  that  the  two  lowest  energy  states  character¬ 
ized  by  the  quantum  labels  F*1  and  F^O  are  not  degen¬ 
erate  even  at  zero  magnetic  field.  The  ground  state 
energy  levels  have  a  zero  field  splitting.  It  is  pos¬ 
sible  therefore  to  theoretically  operate  a  hydrogen 
maser  in  zero  magnetic  field.  This  raises  the  prac¬ 
tical  problem  of  achieving  essentially  zero  field  which 
is  exceedingly  more  difficult  than  operating  at  some 
finite  magnetic  field.  Therefore,  masers  operate  with 
applied  magnetic  fields  which  are  somewhat  larger  than 
the  background  noise  level.  Practical  operating  masers 


A  more  difficult  problem  arises  due  to  tne  fluc¬ 
tuations  of  the  ambient  magnetic  field  if  not  properly 
shielded.  The  earth’s  field  is  typically  U.5  gauss  ana 
urban  magnetic  noise  in  the  frequency  range  of  U.l  to 
100  Hz  is  typically  10*^  gauss.  Tnere  are  stray  mag¬ 
netic  Fields  from  components  suen  as  Vac-Ion  pumps  and 
some  external  electrical  equipment  are  also  a  source  of 
magnetic  field  fluctuation.  On  ground  based  clocxs , 
magnetic  shielding  has  been  accomplisned  by  using  static 
ferromagnetic  shielding.  Three  nested  shields  nave  been 
used,  four,  five  and  six  shields.  Snields  of  various 
thicknesses  and  shape  factors  have  also  been  employed. 
The  processing  of  the  material  is  very  important  and 
there  always  remains  some  remnant  magnetization  in  cer¬ 
tain  parts  of  the  material.  Although  the  magnetic 
shielding-problem  is  difficult  for  ground-based  clocks, 
it  is  grossly  exaggerated  in  clocks  for  space  applica¬ 
tion  because  of  the  weight  factor.  It  would  not  be 
surprising  if  the  weight  of  the  magnetic  shields  were 
to  constitute  about  35%  of  the  weight  of  the  space 
maser . 


In  our  analysis  of  the  magnetic  shielding  of  the 
advanced  development  model  of  the  space  clock,  it  was 
clear  that  a  trade-off  between  weight  and  shielding  is 
necessary.  We  have  made  calculations  on  a  number  of 
different  configurations  of  shields,  uur  snielding  ae- 
sign  consists  of  four  snields  with  eacn  shield  having 
a  thickness  of  0.063  cm  (a  standard  thickness,)  and  tne 
material  is  -*-79  mo ly -permalloy  .  (b)  The  transverse 
shielding  factor  is  130,000  and  the  axial  Shielding 
factor  is  30,000  as  snown  in  Figure  11.  Ine  operating 
maser  would  tnen  nave  a  calculated  sensitivity  to  ex¬ 
ternal  magnetic  field  fluctuations  of 
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where  f0  is  the  maser  frequency;  Hz  is  tne  applied  mag¬ 
netic  field,  SA  is  tne  axial  shielding  factor,  and 
-Hext  is  the  cnange  in  the  external  field.  For 
Hz  *  0.5  milligauss  and  SA  *  30,000,  tne  sensitivity  is 
6.5x10”^  Gauss”*.  Thus  static  shielding  alone  without 
adding  appreciably  more  shields  (weight)  would  be  ade¬ 
quate  for  variations  of  0.1  gauss  or  less.  Further  im¬ 
provement  of  the  shielding  and/or  to  reduce  weight  re¬ 
quires  investigation  of  methods  using  dynamic  snielding 


Storage  Cell 

The  basic  reason  for  the  inherent  higher  fre¬ 
quency  stability  of  the  hydrogen  clock  over  tne  cesium 
beam  clock  is  that  the  line  Q  (frequency  divided  by 
resonance  width)  for  the  hydrogen  clock  is  typically 
luO  times  that  of  the  cesium  clock.  A  typical  reson- 
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ance  width  of  250  Hz  is  obtained  for  the  cesium  beam 
while  a  one  Hz  width  is  usual  for  the  hydrogen  atoms. 
The  high  line  Q  or  the  narrow  resonance  line  for  hydro¬ 
gen  is  due  to  the  long  interaction  time  of  the  hydro¬ 
gen  atoms  with  the  microwave  field.  lr.  the  advanced 
development  model  of  the  clock,  the  storage  cell  has  a 
volume  of  6.6  liters.  The  atom  enters  the  bulb  with  a 
velocity  of  2.6  x  10^  cm  per  second,  bounces  around 
approximately  20,000  times  and  after  about  a  second 
departs.  The  average  distance  traveled  between  wall 
collisions  is  12  cm  and  the  hydrogen  atom  travels  about 
a  mile  even  though  it  is  contained  within  the  volume  of 
a  single  mode  cavity.  In  order  to  achieve  a  narrow 
resonance  width  or  long  lifetime  for  the  hydrogen 
atoms,  any  perturbations  of  the  atoms  must  be  kept  to 
a  minimum.  There  are  a  number  of  effects  which  car  be 
considered  and  the  most  important  is  that  of  the  effect 
of  wall  collisions.  The  wall  collisions  can  be  divided 
into  two  categories:  adiabatic  and  nonadiabatic.  In 
an  adiabatic  collision  the  hydrogen  atoms  interact 
elastically  with  the  walls  and  a  small  change  in  the 
energy  levels  (or  frequency)  always  occurs.  In  the 
nonadiabatic,  the  atom  is  effectively  lost  either  by  a 
change  of  state  or  by  chemical  reaction  with  the  sur¬ 
face  of  the  wall.  Thus  the  surface  of  the  storage  cell 
is  of  primary  importance  to  the  stability,  accuracy  and 
reproducibility  of  the  atomic  hydrogen  clock. 

In  just  about  all  of  the  present  operational 
clocks,  the  storage  cells  are  fabricated  by  making  a 
cylindrical  or  a  spherical  container  from  fused  quartz 
and  then  coating  the  inside  surface  with  an  appropriate 
coating.  Measurements  of  the  quality  of  the  wall  coat¬ 
ings  are  very  difficult  to  make  but  it  has  been  es¬ 
tablished  by  experiment  that  teflon-like  materials  are 
the  best  coatings  and  one  form  or  another  of  teflon  are 
used  in  all  operating  clocks.  In  our  design,  we  in¬ 
tend  to  fabricate  the  storage  cell  from  pure  teflon 
filial)  having  a  thickness  of  0.0025  or  0.0051  cm.  The 
film  bulb  storage  cell  has  a  number  of  significant  ad¬ 
vantages  over  the  teflon  coated  quartz  cell.  1)  The 
teflon  film  is  homogeneous  and  does  not  contain  holes 
in  the  coating  as  one  usually  obtains  when  coating  a 
quartz  cell.  The  hydrogen  atoms  interacting  with  the 
quartz  surface  significantly  reduces  the  lifetime. 

2)  From  measurements W  made  at  NASA-GSFC ,  the  hydrogen 
atoms  are  affected  less  by  the  film  surface  than  by  the 
coating  deposited  on  the  quartz.  This  means  a  smaller 
frequency  shift  or  correction  due  to  the  reaction  with 
the  walls.  3)  The  cells  made  from  the  film  should  be 
very  reproducible.  4)  The  film  cell  has  a  much  smaller 
perturbation  on  the  cavity  frequency  than  the  coated- 
quartz  cell.  The  shift  of  the  cavity  frequency  by  a 
0.0025  cm  thick  film  has  been  measured  to  be  270  kHz 
compared  to  60  MHz  for  a  typical  quartz  cell.  This 
means  that  the  cavity,  and  therefore  the  clock  fre¬ 
quency,  is  much  less  susceptible  to  changes  in  the 
cell  caused  by  mechanical  or  temperature  effects. 

5)  The  teflon-film  cell  is  naturally  less  susceptible 
to  breakage  than  a  quartz  cell.  6)  Since  the  frequency 
perturbation  on  the  cavity  is  much  smaller  for  the 
film-cell,  the  cavity  need  not  be  fabricated  for  each 
cell  as  is  done  for  quartz  cells.  7)  The  cost  of  the 
film  cell  is  much  cheaper  and  can  be  readily  made  with¬ 
out  special  glass  blowing  techniques.  8)  The  diffi¬ 
cult  step  of  uniformly  coating  the  inside  surface  of  a 
quartz  cell  is  eliminated  by  using  the  film-cell. 

Fabrication  of  Storage  Cell.  "Teflon1*  is  the 
registered  trademark  of  the  DuPont  Company  for  its 
fluorocarbon  resins.  FEP  "Teflon"  resins  are  tetra- 
fluoroe thy lene-hexafluorop ropy lene  copolymers,  usually 
fabricated  by  melt  extrusion  or  injection  molding. 

FEP  type  "A"  film  of  0.0025  and  0.0051  cm  thickness 
was  purchased  from  a  DuPont  Company  distributor.  The 
premium  grade  type  "1"  film  Is  not  available  in  thick¬ 
nesses  less  than  0.0127  cm.  An  open-ended  cylinder  was 


made  using  an  overlap  heat  seal  in  the  arrangement 
shown  in  Figure  12.  In  this  fixture,  the  Teflon  film 
is  held  between  two  pieces  of  fused  quartz  plates.  Tvo 
nichrome  heating  strips  are  placed  on  the  quartz  plates 
and  the  strips  are  held  in  place  by  two  aluminum  plates 
which  have  one  side  bonded  with  synthetic  mica  u.c5  cm 
thick.  Two  weights  of  24  lbs.  each  are  used  to  apply 
pressure  to  the  unit  with  a  pressure  of  about  one  psi 
on  the  Teflon.  A  thermocouple  (Chromel-Alumel)  is 
placed  midway  in  the  fixture  and  about  0.6  cm  from  one 
of  the  heating  strips.  The  thermo  couple  is  used  to 
monitor  and  establish  the  conditions  necessary  for  a 
good  seal.  A  simple  procedure  for  obtaining  good  seals 
was  developed.  With  the  Teflon  in  place,  the  variac  is 
turned  up  until  the  current  meter  reads  50  amperes  and 
after  about  50  seconds  or  more  accurately  when  the 
voltage  from  the  thermocouple  read  3.1  mV  70®C)  the 
variac  is  turned  down.  In  a  separate  experiment,  it 
was  established  that  the  temperature  at  the  Teflon 
joint  was  257 °C  at  the  time  the  variac  was  turned  down. 
If  the  temperature  at  the  bond  was  lower,  tne  seal  was 
poor  and  easily  came  apart.  If  the  temperature  is  too 
high,  bubbles  formed  and  the  Teflon  stuck  to  tne  quartz. 
The  conditions  for  sealing  were  similar  for  both  tne 
0.0025  and  0.0051  cm  thick  films. 

Cell  Assembly.  A  simple  aluminum  frame  (see  Fig¬ 
ure  13)  is  made  consisting  of  two  aluminum  rods  and  two 
aluminum  plates.  The  inside  dimensions  of  the  frame 
should  be  large  enough  to  enclose  the  cell  and  also  to 
allow  working  space  at  both  ends.  Two  aluminum  end 
plates  are  fabricated  which  hold  the  Teflon  film  and 
eventually  become  part  of  the  microwave  cavity.  A 
round  aluminum  rod  is  attached  to  each  end  plate  to 
hold  the  cell  to  the  frame.  These  rods  are  removed 
when  the  cell  is  attached  to  the  cavity.  Teflon  film 
of  0.0025  cm  thickness  is  placed  over  one  side  of  the 
end  plates  and  the  film  is  brought  to  the  opposite 
side,  stretched  and  held  in  place  by  a  metal  ring.  The 
open-ended  cylinder  of  Teflon  film  is  now  placed  over 
the  end  plates  and  both  ends  of  the  cylinder  are  worked 
carefully  until  the  shape  of  the  cylinder  is  satisfac¬ 
tory.  The  Teflon  film  at  the  cylinder  ends  is  now 
clamped  to  the  metal  end  plates  by  another  metal  ring. 
The  first  metal  ring  that  was  attached  to  hold  the  film 
covering  the  face  of  the  end  plates  can  now  be  removed 
and  excess  Teflon  removed.  The  length  of  the  cell 
should  be  some  predetermined  distance  less  than  tne  fi¬ 
nal  length  to  be  used  in  the  cavity.  To  maintain  a 
rigid  cylinder,  the  film-cylinder  should  always  be  in 
tension  and  about  a  10%  elongation  of  the  length  for  a 
film  thickness  of  0.0025  cm  is  satisfactory.  Measure¬ 
ments  were  made  of  the  tensile  stress  in  the  film  as  a 
function  of  time  after  an  initial  stress  of  1870  lbs 
per  square  inch  (psi) .  The  data  Indicates  that  the 
tension  stress  would  be  800  psi  after  10  years. 

Escape  from  the  Storage  Cell.  The  stem  (entrance 
collimator  to  storage  cell)  determines  the  lifetime  of 
the  atoms  due  to  the  probability  of  the  atoms  escaping 
from  the  cell.  The  escape  rate  of  atoms  from  the  cell 
yo  is  found  by  equating  the  incident  beam  flux  with  the 
emergent  flux  NKvAe/4  where  N  is  the  density,  v  Is  the 
mean  velocity,  is  the  area  of  the  stem  and  K  is  a 
factor  depending  on  the  geometry  of  the  stem.  If  the 
volume  of  the  storage  cell  is  V^,  then  the  storage 
time  T^  is  determined  by 
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For  a  cell  size  Vj,  of  6.69  liters,  v  *  2.6xl0^cm  per 
sec,  K  *  0.1367  and  the  diameter  of  the  exit  hole  of 
0.635  cm,  Tjj  *  2.4  seconds.  Therefore  if  all  other 
relaxation  mechanisms  were  not  important,  the  lifetime 
of  the  hydrogen  atoms  in  the  cell  would  be  limited  by 


the  exit  aperture  and  length  of  the  stem  and  the  life-  f-f  f  -f  ij 

tine  for  this  design  is  2.4  seconds.  In  which  case,  ^  °  *  ~ — - 
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Microwave  Cavity 

The  microwave  cavity  design  is  a  critical  compo¬ 
nent  in  the  clock  because:  (1)  the  cavity  must  have  a 
sufficiently  high  Q  (low  losses)  in  order  to  achieve 
maser  operation;  (2)  the  stability  of  the  clock,  par¬ 
ticularly  the  long-term  stability,  is  strongly  coupled 
to  the  frequency  stability  of  the  microwave  cavity- 
storage  cell  combination;  (3)  for  space  craft  systems 
where  size  and  weight  are  important  factors,  the  size 
and  weight  of  the  clock  is  to  a  large  extent  determined 
by  the  size  of  the  cavity. 

There  are  two  different  modes  of  operation  of  the 
clock;  namely,  active  and  passive  modes.  Since  the 
cavity  requirements  are  very  different  for  the  two 
modes,  and  our  design  uses  the  active  mode,  this  dis¬ 
cussion  on  cavities  will  only  be  directed  to  the  active 
mode.  In  this  mode  of  operation,  two  different  elec¬ 
trical  designs  of  the  cavity  have  been  proposed  and 
used.  (1)  A  cylindrical  cavity  using  the  TEgj^  mode 
and  (2)  a  cavity  using  the  TEj^  mode.  The  cavities 
designed  for  the  TEg^j  mode  have  the  higher  Q  (the  un¬ 
loaded  Q  for  a  copper  surface  is  80,000  for  the  TEq^ 
compared  to  33,000  for  the  TEj^jj  _  The  TEj^  mode 
cavity(9)  in  this  application  requires  that  a  septum 
made  from  a  material  like  teflon  be  positioned  to  di¬ 
vide  the  cavity  into  two  parts.  The  septum  is  neces¬ 
sary  because  of  the  RF  magnetic  field  configuration 
which  makes  it  necessary  that  the  hydrogen  atoms  in 
one-half  of  the  cavity  do  not  travel  in  the  other  half 
of  the  cavity.  For  an  ideal  system,  the  hydrogen  atoms 
should  be  located  in  the  cavity  where  the  RF  magnetic 
field  direction  is  parallel  to  the  applied  DC  magnetic 
field  direction.  The  RF  magnetic  field  configuration 
for  the  TEqtt  is  more  suited  to  the  above  requirement 
than  the  magnetic  field  configuration  for  the  TEm- 
The  spin  exchange  parameter  "q"  of  the  clock  is  typ¬ 
ically  q=0.0S  for  masers  using  the  TEgu  mode  cavity 
while  a  q=0.16  is  expected  for  masers  using  the  TE^jj 
mode  cavity.  Since  maser  threshold  requires  a  q-0.172, 
the  masers  using  the  TEj^i  mode  cavities  are  not  far 
from  threshold  and  thus  become  very  susceptible  to 
ageing  of  material  and  environmental  changes.  The 
singular  advantage  of  the  TEm  mode  cavity  is  its  size 
which  is  inherently  smaller  than  for  the  TEg^  mode 
cavity.  A  typical  size  cavity  for  the  TE^ji  mode  is 
15  cm  in  diameter  by  15  cm  long  while  for  the  TEgj^ 
mode  the  length  is  28  cm  and  the  diameter  28  cm.  How¬ 
ever,  a  smaller  cavity  means  a  smaller  storage  cell 
which  means  a  larger  wall  shift  and  a  lower  line  Q  and 
therefore  a  reduced  stability  of  the  clock.  For  these 
reasons  and  particularly  because  of  the  many  years  of 
experience  using  the  TEg^  cavity  compared  with  only 
very  recent  laboratory  operation  of  a  single  clock  with 
a  TEm  mode  cavity,  the  cavity  design  using  the  TEm 
mode  is  not  being  seriously  considered  at  this  time. 

In  addition,  we  feel  that  reducing  the  cavity  size  of 
the  TEgu  mode  cavity  by  various  techniques  is  more 
promising  than  the  use  of  the  TE^^  mode  cavity. 

The  long  term  stability  of  the  clock  is  strongly 
correlated  with  the  stability  of  the  cavity-storage 
cell  system.  The  problem  is  summarized  by  noting  that 
the  fraction  of  the  atomic  resonance  linewidth  by 
which  the  maser  is  "pulled"  by  a  mistuned  cavity  is 
Identical  to  the  fraction  of  the  cavity  linewidth  by 
which  the  cacity  is  mistuned.  The  shift  of  the  oscil¬ 
lation  frequency  f  from  the  true  resonance  frequency 
f0  by  a  cavity  tuned  to  a  frequency  fc  is 


where  Q  is  the  cavity  Q  and  Q,  if  the  line  Q  of  the 
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atomic  hydrogen.  The  smaller  the  ratio  — ,  the  less 
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sensitive  is  the  oscillator  frequency  to  changes,  in  the 
cavity  frequency.  Typically  for  a  TE011  mode  cavity 
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QC=5Q,000  and  Q^=5xl0  or  —  -  1x10  .  In  one  case'’  , 

a  TE^n  mode  hydrogen  maser  resonant  cavity  was  built 
and  the  measured  values  were  Qc-27,OQO  and  Q  «8xl0®. 

The  maximum  line  Q  realizable  should  vary  as  the  sur¬ 
face  to  volume  ratio  of  the  cell,  which  for  typical 
TEi.j  mode  designs  is  about  one-half  that  of  the  TEg.^ 
design.  Also,  a  shift  in  the  cavity  frequency  of  1.4 


Hz  results  in  ■  1x10 
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Two  configurations  of  cavity  design  have  been  used 
and  tested  in  the  past.  In  one  design')*)' ,  the  cavity 
is  made  using  a  dielectric  like  Cer-vit  which  has  a 
very  small  thermal  coefficient  of  expansion  and  the  in¬ 
side  surface  is  copper  or  silver  plated.  In  the  other 
deslgn(H),  the  cavity  is  made  from  a  metal  such  as 
aluminum  which  has  a  rather  large  thermal  coefficient 
of  expansion.  The  large  coefficient  of  expansion  is 
utilized  for  fine  tuning  of  the  cavity.  In  Table  I  we 
give  the  properties  of  the  cavity  and  the  storage  cell 
as  they  relate  to  the  temperature  stability  require¬ 
ments  of  the  cavity  structure  to  achieve  a  clock  sta¬ 
bility  of  at  least  1  x  lO'*4.  Based  only  on  this  cri¬ 
terion,  one  should  use  a  cavity  made  from  a  material 
with  a  small  thermal  coefficient  of  expansion  such  as 
Cer-vit  combined  with  a  very  thin  teflon  storage  cell. 
However,  the  stability  of  the  cavity  due  to  temperature 
changes  is  only  one  of  a  number  of  factors  to  be  con¬ 
sidered  and  evaluated.  The  mechanical  design  is  very 
Important  and  a  difficult  to  measure  parameter  like  the 
dimensional  stability (12)  Df  the  material  being  used 
must  be  evaluated. 


There  are  a  number  of  factors  relating  to  the  use 
of  dielectric  cavities  which  can  be  identified.  (1) 
Copper  or  silver  plating  of  about  0.0025  cm  thick  is 
required  on  dielectric  cavities  and  thin  spots  and/or 
holes  in  the  plating  are  common.  Thin  areas  of  plating 
or  holes  permit  electromagnetic  coupling  between  the 
cavity  and  the  external  environment.  (2)  The  low  ther¬ 
mal  conductivity  of  suitable  dielectrics  can  result  in 
temperature  gradients  along  the  cavity.  (3)  The  low 
tensile  strength  of  most  dielectrics  makes  the  cavity 
susceptible  to  breakage  during  fabrication  and  pro¬ 
cessing.  (4)  The  material  is  expensive  and  so  is  the 
cost  of  fabrication.  (5)  The  fine  tuning  must  be  done 
by  adding  on  additional  coupling  loop  to  the  cavity. 

The  factors  relating  to  the  use  of  metal  cavities 
can  also  be  identified.  (1)  The  plating  is  not  criti¬ 
cs!  and  a  sufficiently  high  Q  can  be  achieved  without 
plating.  (2)  A  metal  such  as  aluminum  or  molybdenum 
has  high  thermal  conductivity  and  relieves  the  problem 
of  temperature  gradients.  (3)  The  strength  of  the 
metal  cavities  is  very  high  and  breakage  due  to  hand¬ 
ling  or  shock  is  not  a  problem.  In  fact,  the  metal 
cavity  for  a  given  cavity  design  lends  itself  to  a 
light  weight  structure.  (4)  The  cost  of  fabrication 
is  considerably  cheaper  than  a  corresponding  dielectric 
cavity.  (5)  Thermal  tuning  can  be  used  to  fine  tune 
the  cavity  and  control  the  cavity  resonance.  (8)  The 
relatively  high  thermal  expansion  coefficient  for  alu¬ 
minum  or  molybdenum  compared  to  the  dielectrics  re¬ 
quires  a  higher  temperature  stability  for  the  metal 
cavity  structure.  It  has  been  demonstrated(13)  for  an 
aluminum  cavity  that  the  average  untuned  linear  drift 
rate  of  the  clock,  due  to  the  cavity  drift,  among  the 
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NASA-CSFC  NP  masers  is  only  5xl0~15  per  day.  T  .us  for 
applications  of  a  few  weeks  or  less  which  is  one  of  the 
specifications  for  the  GPS  system,  auto-tuning  isn't 
required  for  metal  cavities  except  perhaps  to  help  in 
the  initial  frequency  setting. 

By  considering  all  the  factors  in  the  cavity  de¬ 
sign,  we  decided  to  make  the  cavity  out  of  molybdenum 
and  the  storage  cell  from  0.0025  cm  thick  teflon  film. 
This  cavity-cell  structure  is  best  suited  to  meet  the 
stringent  requirements  placed  on  a  space  clock.  We 
have  made  the  cavity  using  a  molybdenum  cylinder  which 
is  attached  to  aluminum  end  plates  by  heat  sweating. 

The  cavity  design  is  40.6  cm  long  by  26.7  cm  in  diam¬ 
eter  and  the  present  structure  weighs  15  pounds  (6.8 
kilograms)  with  significant  potential  for  a  lighter 
cavity.  The  measured  unloaded  cavity  Q  for  the  struc¬ 
ture  without  plating  is  42,000.  The  measured  unloaded 
cavity  Q  for  a  similar  all  aluminum  structure  unplated 
is  50,000.  The  copper  plated  molybdenum-aluminum  cav¬ 
ity  structure  has  a  measured  unloaded  Q  of  60,000.  The 
thin  film  storage  cell  can  be  Inserted  into  the  cavity 
without  disassembly  of  the  end  plates. L  (See  Figure  14 
for  photograph  of  cavity.)  The  large  p  (length  to 
diameter  ratio)  of  1.6  is  desirable  when  high  perform¬ 
ance  in  stability  is  the  goal.  For  space  applications 
were  size  and  weight,  in  addition  to  the  clock  per¬ 
formance,  are  important  parameters;  a  trade-off  between 
clock  performance  and  size  and  weight  will  have  to  be 
made. 


Summary 

The  mechanical  and  electrical  designs  have  been 
completed  and  components  have  been  tested.  The  assem¬ 
bly  of  the  clock  is  now  in  progress  and  operation  is 
anticipated  during  the  latter  half  of  1977 .  The  pre¬ 
dicted  performance  of  the  clock  is  a  frequency  stabil¬ 
ity  of  better  than  1  part  in  10^  for  averaging  times 
between  50  seconds  and  10  days.  The  main  features  of 
the  design  are:  a  small  fixed  quadrupole  state  selec¬ 
tor;  a  capacitively  coupled  RF  dissociator  using  an 
ion-depleted  glass  bulb;  a  microwave  cavity  structure 
composed  of  a  molybdenum  cylinder  and  aluminum  end 
plates;  a  cylindrical  storage  cell  made  from  0.0025  cm 
thick  FEP  "Teflon"  film;  four  magnetic  shields;  two 
vacuum  chambers;  thermal  tuning  of  cavity;  and  two 
secondary  temperature  isolation  ovens  within  the  vacuum 
enclosure.  The  present  engineering  model  will  weigh 
over  100  pounds  but  is  purposely  over  designed  in 
weight  for  the  purpose  of  economy  in  cost  and  time  and 
to  quickly  prove  out  the  performance  characteristics  of 
the  design.  Nevertheless  this  design,  including  all  of 
the  electronics,  can  be  built  to  weigh  less  than  90 
pounds  and  fit  into  a  cylindrical  space  of  38  cm  in 
diameter  by  71  cm  long  and  consume  55  watts  of  power. 
Based  on  knowledge  gathered  during  the  design  of  this 
unit,  future  hydrogen  clocks  will  be  smaller  and  light¬ 
er  than  this  design  and  will  meet  the  performance 
specifications  of  the  GPS  system. 
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FIG.  1.  BLOCK  DIAGRAM  OF  PHYSICS  UNIT. 
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DISSOCIATOR  DESIGN 


FIG.  6  RESPONSE  OF  PRESSURE  REGULATOR  TO  STEPS  IN 
REFERENCE  VOLTAGE. 


FIG.  8.  PHOTOGRAPH  OF  OPERATING  DISSOCIATOR. 


FIG.  7.  SKETCH  OF  DISSOCIATOR  ASSEMBLY. 
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FIG.  10.  SKETCH  OF  STATE  SELECTOR  ASSEMBLY 
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FIG.  12.  SKETCH  OF  APPARATUS  FOR  HEAT  SEALING  OF  TEFLON  FILM 
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Sc  ternary 

-sssioie  ways  to  improve  the  H-maser  accuracy  are 
stated.  Among  tnem,  tne  use  of  a  H-maser  of  regular 
design,  equippeo  with  a  special  bulb,  made  of  quartz 
ano  snowing  two  coaxial  parts  is  descrioed.  A  small 
3_artz  valve  allows  to  use  the  solid  Dulb  in  two  dif¬ 
ferent  configurations,  with  two  different  mean  diame¬ 
ters.  Tnis  aevice  is  operated  in  the  temperature  range 
25-12G°C,  and  preliminary  results  are  reported.  A 
cnange  of  the  temperature  cependence  of  the  wall  fre 
quency  snift,  for  a  FEP  120  coating,  is  observed  at 
360  K.  and  tne  wall  shift  goes  tc  zero  at  360  K.  about. 

Introduction 

In  all  presently  operated  atomic  frequency  stan¬ 
dards,  it  is  not  possible  to  Interrogate  the  atoms  in 
ideal  conditions,  i.e.  without  interaction  with  any 
field,  and  at  rest.  In  the  hydrogen  maser,  the  most 
annoying  spurious  effect  is  related  to  collisions  of  , 
hydrogen  atoms  with  the  wall  of  the  containing  vessel'. 
If  if”  is  the  mean  phase  shift  per  collision,  the 
macroscopically  observed  frequency  shift  if  of  the 
hyperfine  transition  of  stored  hydrogen  atoms  is 

Afw  =  £  <' 

where  n  is  the  mean  collisions  rate  of  hydrogen  atoms 
witn  the  wall.  In  general,  n  is  related  to  the  area 
to  volume  ratio  of  the  bulb,  A/V,  and  we  have  : 
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where  v  is  the  mean  atomic  velocity  in  the  bulo.  For  a 
spherical  bulb,  A/V  *  6/0  where  D  is  the  diameter,  and 
then 
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It  is  well  Known  that,  presently,  the  properties 
of  successive  wall  coatings  suffer  from  a  lack  of 
reproducibility,  a3  far  as  the  wall  shift  Af  is  con¬ 
cerned.  This  affects  the  precision  in  the  determina¬ 
tion  of  the  wall  shift,  by  the  classical  method  which 
consists  in  substituting  spherical  coated  bulbs  of 
different  diameters,  in  a  maser  This  is  the  present 
limiting  factor  of  the  H-maser  accuracy,  to  the  10**^ 
level,  whereas  the  contribution  of  the  other  sources  of 
frequency  offset,  to  the  error  budget,  is  smaller  than 
1  x  10*13. 
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The  aim  of  the  experiment  described  here  is  to 
investigate  a  possible  mean  to  improve  the  accuracy 
of  a  H-maser  frequency  standard  of  classical  design. 
We  report  preliminary  results  achieved  with  a  special 
bulb  in  the  temperature  range  25-120°C,  which  demons¬ 
trate  the  feasibility  to  operate  a  H-maser  frequency 
standard  at  the  temperature  which  cancels  the  wall 
shift  of  presently  used  bulb  coatings. 


Possible  solutions  of  the  wall  shift  problem 

Seveial  solutions  of  this  problem  have  been 
proposed  : 

1)  the  first  attempt  to  overcome  the  wall  shift 
limitation  has  been  the  big  box  maser  of  Harvard  Uni¬ 
versity  3  in  which  a  bulb  showing  a  mean  diameter  of 
about  1.5  m  was  used  in  a  maser  of  special  configura¬ 
tion.  The  mean  collision  rate  n,  was  then  10  times 
smaller  than  in  masers  of  regular  design  4.5_ 

2)  the  use  of  a  bulb,  a  part  of  which  is  made  of 

a  thin  membrane  allows  to  vary  the  volume  of  the 

bulb,  as  sketched  on  figure  1b.  For  the  two  extreme 
positions  of  the  flexible  membrane,  one  then  simula¬ 
tes  two  bulbs  of  different  mean  diameters,  but  opera¬ 
ting  with  the  same  surface  (however,  stresses  are 
developed  in  the  bended  region,  which  are  different 
for  the  two  positions,  and  might  change  the  mean 
phase  shift  per  collision,  on  that  part  of  the  sur¬ 
face).  The  application  of  this  idea  to  the  big  box 
maser  (fig.  la)  allowed  an  experiment  in  which  the 
wall  shift  contribution  to  the  error  budget  was  2.6  x 
16*13  oniy 

The  implementation  of  an  elongated  cylindrical 
bellows  ®  (fig.  1c)  rely  on  the  same  idea.  It  offers 
the  possibility  of  a  measure  of  the  wall  shift  as  a 
continuous  function  of  the  surface  to  volume  ratio  of 
the  bulb.  Furthermore,  it  is  expected  that  possible 
stress  effects  would  cancel  on  regions  of  opposite 
curvature  of  the  convolutions. 

The  bulb  shown  on  figure  Id  has  also  been  consi- 
The  piston  allows  a  continuous  variation  of 


dared 


10 


the  ratio  A/V. 

These  methods  where  a  flexible  membrane  or  a  pis¬ 
ton  is  used  have  the  common  drawback  to  cause  difficul¬ 
ties  as  far  as  the  mechanical  stability  of  the  storage 
bottle,  the  temperature  coefficient  of  the  cavity  and 
the  recovery  of  large  cavity  detunings  are  concerned. 
Furthermore,  in  an  oscillating  maser,  the  change  in 
the  area  to  volume' ratio  is  limited  by  the  requirement 
to  give  the  product  of  the  filling  factor  times 
the  bulb  volume  a  value  compatible  with  the  oscillation 
condition. 

3)  one  of  us  (P.P.)  proposed  to  remove  these  last 
drawbacks  by  using  a  solid  bulb,  made  of  quartz,  desi¬ 
gned  with  two  coaxial  parts  and  a  small  valve  as  shown 
on  figure  1e.  For  each  of  the  two  stable  positions  of 
the  valve,  the  area  to  volume  ratio  of  the  region  oc¬ 
cupied  by  atoms  can  differ  by  a  large  factor  (it  is 


no 


even  possible,  in  principle,  to  add  quartz  walls,  in 
the  outer  part  of  the  bulb,  increasing  the  area  without 
an  appreciable  change  of  the  volume).  The  A/V  ratio  va¬ 
riation  can  then  he  much  larger  than  allowed  with  a 
flexible  bulb. 

According  to  the  valve  position,  the  surface  inter¬ 
acting  with  hydrogen  atoms  are  different.  But,  the 
quartz  surfaces  being  lined  in  the  same  coating  ope¬ 
ration,  a  good  enough  homogeneity  of  the  wall  proper¬ 
ties  can  be  expected.  This  point  can  be  checked  by 
operating  several  bulbs  of  this  kind. 

The  bulb  shown  on  figure  1e  benefits  of  a  better 
centering  in  the  microwave  and  the  static  magnetic 
fields,  which  is  of  interest  to  minimize  the  frequency 
shift  which  might  be  connected  to  the  inhomogeneities 
of  these  fields  11 .  This  is  the  bulb  used  in  the  re¬ 
ported  experiment. 

The  idea  of  the  small  valve  allowing  to  change  the 
configuration  of  the  storage  region  can  also  be  applied 
to  a  bulb  with  a  septum  orthogonal  to  its  axis  of 
symmetry  ^2, 

4)  Presently  used  bulb  coatings  show  a  null  of  the 
mean  phase  shift  per  collision  at  a  given  temperature 
close  to  100°C  ^3,14,15.  At  that  temoerature,  the 
transition  frequency  and  thus  the  oscillating  frequency 
is  not  shifted  as  an  effect  of  wall  collisions,  and  *g 
this  can  be  experienced  by  modulating  tie  A/V  ratio 

by  one  of  the  means  described  above.  Furthermore,  at 
that  point,  the  exact  knowledge  of  the  involved  A/V 
ratios  is  not  needed.  These  ratios  only  determine  the 
sensitivity  of  the  method. 

5)  One  obvious  way.  but  still  speculative,  is 
to  search  for  coatings  showing  reproducible  enough 
properties  (in  that  event,  it  would  not  be  needed  that 
they  show  a  null  of  the  mean  phase  shift  per  collision, 
although  an  useful  characteristics  when  occuring  at  a 
convenient  temperature).  In  that  respect,  it  would  be 
interesting  to  investigate  more  the  properfies  of  some 
f luoropolymers.  For  instance,  FEP  120  behaves  as  a 
perfect  solid  for  T  <  200  K  and  its  properties  might 

be  much  more  reproducible  there  thai.  for  higher  tem¬ 
peratures  '  •  The  change  of  properties  at  T  =  200  K 
is  due  to  a  second  order  phase  transition  in  the  bulb 
material.  This  temperature  might  be  increased  to  a 
more  tractable  value  by  reticulating  the  polymer 
chains  (without  the  introduction  of  paramagnetic  cen¬ 
ters). 

Experimental  set-up 

A  hydrogen  maser  of  classical  design  ^  has  been 
equipped  with  a  special  bulb  and  it  has  been  slightly 
modified  in  order  to  allow  operation  in  the  tempera¬ 
ture  range  25-120°C.  Figure  2  shows  details  of  the 
bulb  used  and  of  its  setting  in  the  microwave  cavity. 

Double  configuration  bulb 

It  is  made  of  quartz  and  is  FEP  120  coated.  It 
comprises  two  coaxial  parts,  with  a  common  bottom. 

It  is  firmly  hold  in  position  with  the  help  of  a 
cone-shaped  grinding,  in  its  lower  part,  and  of  a 
spring-grounded  quartz  tube  in  its  upper  part.  A  small 
valve,  made  of  quartz  (diameter  :  24  mm,  thickness  : 

4  mm)  and  FEP  120  coated,  showing  two  spherical  grin¬ 
dings,  rests  on  one  of  the  two  spherical-grinded  seats. 

A  quartz  rod  is  attached  to  the  valve  and  is  driven 
through  amagnetic  bellows.  All  gaskets  are  still  me¬ 
tallic  ones  in  the  modified  H-maser  . 

The  valve  allows  to  use  the  solid  bulb  in  two 
different  configurations,  according  to  its  position. 

In  the  configuration  n°1,  the  valve  sits  on  the  top  of 
the  inner  part  of  the  bulb.  The  region  offered  to  hydro¬ 
gen  atoms  is  then  a  bulb  with  an  equivalent  mean  dia¬ 
meter  of  15.3  cm  about.  In  the  other  staDle  configu¬ 
ration,  n°2,  the  valve  closes  the  outer  part  of  the  bulb 


and  allows  a  communication  between  the  inner  region  and 
another  region  which  is  coaxial  with  the  previous  one. 
The  surface  where  the  atoms  collide  is  then  multiplied 
by  a  factor  larger  than  three,  whereas  the  volume  is 
not  too  much  increased.  The  equivalent  mean  diameter 
of  the  bulb  in  configuration  N°2  is  8.3  cm  about  (as 
stated  above,  it  could  be  made  smaller  by  inserting 
coated  quartz  walls  in  the  interval  between  the  limits 
of  the  two  useful  regions).  The  main  characteristics 
of  this  bulb  are  summarized  in  the  following  table 


Configuration 

r  3. 
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where  D  is  the  equivalent  mean  diameter,  n  is  the  fil¬ 
ling  factor,  V  the  total  volume  offered  to  atoms, 

Vc  is  the  volume  of  the  cavity  and  T^  is  the  calculated 
geometrical  life  time  at  a  temperature  of  20°C.  The 
communication  time  constant  between  the  two  parts  of 
the  bulb  is  8  ms  about.  It  is  small  enough  compared 
to  T^  so  that  the  atomic  density  can  be  considered  as 
uniform  in  configuration  n°  2.  Similar! ly  all  the  H- 
maser  properties  based  on  motional  averaging  4, ^  are 
still  valid  in  configuration  n°  2.  In  this  configura¬ 
tion,  the  H-maser  behaves  -except  for  wall  inter¬ 
actions-  as  if  the  septum  would  be  removed.  Due  to  tne 
valve  smallness  and  to  the  fact  *hat  it  moves  in  a 
region  of  weak  electric  field,  the  cavity  resonant  fre¬ 
quency  differs  by  12  kHz  only  for  the  twc  valve  posi¬ 
tions. 

Peculiar  attention  -as  been  paic  tc  ensure  homoge¬ 
neous  properties  of  the  FEP  120  ccating.  Tne  main  fea¬ 
tures  of  the  procedure  are  i)  slou  and  smooth  rotation 
of  the  bulb  containing  a  small  amount  of  F£F  12u  sus¬ 
pension,  ii)  dripping  in  the  presence  of  a  humid  at¬ 
mosphere,  iii)  rotation  during  baking  up  to  360°C,  in 
the  presence  of  an  oxygen  flow  in  the  two  parts  of  the 
bulb  and  iiii)  slow  cooling  in  order  to  obtain  a  simi¬ 
lar  texture  for  all  the  coated  surfaces.  The  bulb  recei 
ved  two  layers  of  coating,  as  well  as  the  valve  and 
the  upper  quartz  tube  which  grounds  the  bulb. 

Microwave  cavity  and  thermal  control 

The  temperature  coefficient  of  the  microwave  ca¬ 
vity  has  been  minimized,  in  view  of  the  large  tempera¬ 
ture  range  to  be  explored  in  preliminary  experiments. 

The  cavity  structure  is  made  of  quartz,  as  shown 
on  figure  2,  so  that  all  parts  in  contact  have  the  same 
thermal  coefficients.  Jumps  in  the  resonant  frequency 
are  then  avoided.  The  thermal  coefficient  of  a  cavity, 
made  of  quartz  wails,  without  bulb,  is  0.6  kHz.K  1 
about.  In  the  presence  of  the  double  configuration 
storage  bulb,  it  rises  up  to  3.5  kHz.K’1.  A  thermal 
compensation  is  then  required.  It  is  insured  by  three 
posts  in  the  upper  part  of  the  cavity.  They  comprise 
quartz  and  copper  rods  of  adjustable  length.  It  is 
then  possible  to  give  these  posts  the  desired  ther¬ 
mal  expansion  coefficient.  One  proceeds  by  trial  and 
error  to  minimize  the  thermal  coefficient  of  the  mi¬ 
crowave  cavity,  in  the  presence  of  the  storage  bulb. 
This  is  made  necessary  by  the  large  uncertainty  in 
the  value  of  the  thermal  coefficient  of  the  dielectric 
constant  of  quartz.  Finally,  a  mean  thermal  coefficient 
of  0.1  kHz.K’1  is  achieved  in  the  terrperature  range 
25-120°C.  A  plunger,  with  a  tuning  range  of  30  kHz 
allows  to  approach  the  cavity  tuning  position  in  the 
whole  temperature  range,  whatever  the  valve  position 
is.  A  varactor  allows  the  fine  tuning  of  *he  cavity. 
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The  microwave  cavity  is  enclosed  in  a  tnermal 
shield,  made  of  copper  and  situated  within  the 
vacuum  tank.  It  ensures  the  thermal  homogeneity 
which  is  required  for  a  proper  operation  of  the  ther¬ 
mal  compensation  set.  Furthermore,  it  improves  the 
decoupling  Detween  the  microwave  cavity  and  the  remai¬ 
ning  parts  of  the  maser. 

The  driving  mechanism  of  the  valve  is  thermally 
controlled.  For  each  temperature  of  the  bulb,  the 
temperature  of  most  of  the  different  controlled  walls 
is  properly  adjusted,  by  changing  the  reference  resis¬ 
tors  of  the  temperature  sensing  bridges  ‘ ^ .  The  refe¬ 
rence  resistors  and  the  electronic  circuits  (except 
the  power  stage)  ensuring  the  thermal  control  of  the 
inner  parts  of  the  maser  are  also  temperature  regula¬ 
ted. 


Experimental  results 
Frequency  stability 

When  the  modified  maser  is  operated  with  a  tem¬ 
perature  of  the  bulb  and  the  microwave  cavity  in  the 
range  26-104°C,  its  measured  frequency  stability  looks 
the  same  as  it  was  before  modification  ’'7.  One  obtains 
(in  a  bandwidth  of  3  Hz) 
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for  each  position  of  the  valve.  Far  x  >  10  s,  the 
measured  frequency  stability  might  be  limited  by  the 
reference  maser  in  which  the  microwave  cavity  still 
shows  a  thermal  coefficient  of  1.5  kHz. A"1.  It  was 
noticed  a  slight  decrease  of  the  frequency  stability 
at  a  temperature  of  122°C.  However,  in  this  measure, 
the  steady  state  conditions  were  not  completely  rea¬ 
ched. 

These  results  show  that  the  mechanical  stability 
of  the  device  is  quite  good. 


wall  shift  is  reached  at  a  temperature  close  to  380  K. 

Future  experiments  will  concentrate  measurements 
on  the  temperature  range  360-395  K. 

Conclusion 

It  has  been  experimentally  proved  that  a  hydrogen 
maser,  equipped  with  a  double  configuration  storage 
bulb,  can  conveniently  be  operated  as  a  frequency  stan¬ 
dard  at  a  temperature  close  to  100°C, where  the  wall 
shift  goes  to  zero.  This  allows  to  investigate  one  way 
to  improve  the  H-maser  accuracy. 
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After  the  temperature  reached  the  desired  value 
within  0.Q3K.  about,  and  the  background  pressure  in 
the  bulb  compartment  lowered  to  less  than  10'^Pa 
(which  requires  a  delay  of  approximately  12  days  bet¬ 
ween  each  temperature  setting),  the  modified  maser  is 
spin-exchange  frequency  tuned  .  As  the  temperature 
rises,  the  contribution  of  the  wall  collisions  to  the 
relaxation  times  T  and  T  and  the  contribution  of  H- 
atoms  recombination  to  the  storage  time  constant  T 
increases  ' - •  The  intensity  of  the  hydrogen  beam 
must  be  increased  accordingly.  It  results  that  the 
range  of  beam  Intensities  which  is  allowed  for  cavity 
tuning  is  narrowed.  However,  even  at  the  temperature 
of  122°C,  the  cavity  can  be  tuned  such  that  the  error 
in  the  oscillating  frequency  is  smaller  than  0.1  mHz. 

The  frequency  is  measured,  for  both  valve  posi¬ 
tions,  relative  to  the  frequency  of  a  reference  maser. 
Corrections  are  then  applied  to  account  for  the  second 
order  Ooppler  effect,  and  the  second  order  magnetic 
field  frequency  shift.  The  value  of  the  static  magne¬ 
tic  field  is  close  to  8  mG  and  it  has  been  carefully 
checked,  for  both  valve  positions  that  the  magnetic 
field  inhomogeneities  11  do  not  shift  the  observed 
frequency. 

Figure  3  shows  the  preliminary  results  which 
have  been  obtained.  One  sees  that  the  temperature  de¬ 
pendence  of  the  wall  shift  follows  two  different  laws, 
according  to  the  temperature  range.  This  corresponds, 
likely,  to  another  second  order  phase  transition  occu- 
rlng  at  a  temperature  close  to  360  K,  which  was  not 
reported  previously  in  H-maser  works.  The  null  of  the 
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Various  thoughts  concerning  the  use  of  a  bulb  for  wall  shift  measurements. 

2*  8 

a.  The  Harvard  University  Dig  box  maser  with  a  flexible  bulb  1  (The  size  of 
the  bulb  is  ten  times  as  large  as  in  masers  of  regular  design) 

6  7 

b.  Bulb  with  a  flexible  membrane  ' 

g 

c.  Bulb  as  an  elongated  cylindrical  bellows,  made  of  teflon 

10 

d.  Solid  bulb  with  a  piston 

e.  Solid  bulb  with  two  coaxial  parts  and  a  valve  allowing  the  operation  with 
two  different  mean  diameters.  The  two  parts  are  best  centered  in  the  micro 
wave  cavity  and  in  the  static  field. 


3  -  Tenperature  dependence  of  the  wall  shift,  for  a  FEP  120  coating.  The  triangles 
represent  experimental  points  obtained  with  the  valve  down  (configuration  n°  1) 
and  the  dots  represent  experimental  points  obtained  with  the  valve  up  (confi¬ 
guration  n°  2).  The  origin  of  the  wall  frequency  shifts  has  been  adjusted  at 
the  curve  crossing. 
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A  NEW  GENERATION  OF  SAO  HYDROGEN  MASERS 

M.  W.  Levine,  R.  Vessot,  E.  Mattison,  G.  Nystrom,  T.  Hoffman,  and  E.  Blomberg 
Smithsonian  Astrophyslcal  Observatory 
Cambridge,  Massachusetts 


Summary 

A  new  generation  of  hydrogen  masers  for  field  use 
has  been  developed  at  the  Smithsonian  Astrophysical 
Observatory.  The  VLG-11  series  incorporates  a  nunber 
of  improvements  over  the  earlier  VLG-10  masers,  includ¬ 
ing  upgraded  thermal  performance,  freedom  from  baromet¬ 
ric-pressure  influences,  and  thoroughly  modernized  and 
field-repairable  electronics. 

This  paper  describes  the  construction  of  the 
VLG-11  "physics  package,"  the  supporting  electronics 
system  (thermal,  pressure,  magnetic  field),  and  the 
signal -processing  system  (phaselock  receiver  and  digi¬ 
tal  synthesizer).  The  features  of  the  physics  package 
are  a  new,  lightweight  storage-bulb  design,  a  rugged 
Cervit  cavity  carefully  isolated  from  pressure  varia¬ 
tions  on  the  vacuum  tank,  a  multilayer  printed-circuit 
solenoid,  which  provides  an  exceptionally  uniform  “C" 
field,  and  torri spherically  domed  magnetic  shields 
supported  by  machined  semirigid  foam.  The  thermal 
control  system  provides  two-level,  five-zone  tempera¬ 
ture  regulation  to  minimize  environmentally  induced 
temperature  gradients  at  the  maser  cavity.  The  cooling 
system  for  the  hydrogen  dissociator  is  a  temperature- 
controlled  closed-circuit  air-to-air  heat  exchanger 
that  further  reduces  the  influence  of  ambient-tempera¬ 
ture  variations  on  the  cavity  resonant  frequency.  The 
digital  synthesizer  was  specifically  designed  for  this 
application,  providing  a  0.001-Hz  step  resolution  over 
a  tuning  range  of  405,750.00  to  405,753.999  Hz.  The 
synthesizer  combines  very  low  power  consunption,  less 
than  3  watts,  with  the  capability  of  operating  directly 
from  28-volt  battery  back-up  power  sources. 

Performance  data  on  the  VLG-11  hydrogen  masers  - 
including  short-term  frequency  stability,  frequency  vs. 
ambient  temperature,  frequency  vs.  barometric  pressure, 
and  frequency  as  a  function  of  ambient  magnetic  field  - 
are  presented.  Long-term  frequency  stability  data  are 
also  covered,  to  the  extent  that  such  data  are  avail¬ 
able. 

Key  words  (for  information  retrieval).  Hydrogen 
Maser",  Frequency  Standard,  Frequency  Stability,  Oscil¬ 
lator,  Oesign. 

Introduction 

The  design  of  the  Smithsonian  Astrophysical  Ob¬ 
servatory  (SAO)  masers  is  the  result  of  an  unbroken 
evolutionary  process  that  began  in  1960,  shortly  after 
the  invention  of  the  maser  by  Kleppner,  Goldenberq,  and 
Ramsey.'  In  1962,  the  hydrogen  maser  group  at  Varian 
Associates,  Beverly,  Massachusetts,  began  a  program  for 
the  development  of  a  transportable,  self-contained 
hydrogen  maser  under  the  sponsorship  of  the  National 
Aeronautics  and  Space  Administration/Marshal  1  Space 
Flight  Center.  Shortly  thereafter,  a  spacecraft  desiqn 
effort  was  begun,  with  the  goal  of  measuring  the  gravi¬ 
tational  redshift  using  a  payload  launched  into  a  24- 
hour  elliptical  orbit  by  a  Titan  3C  booster. ‘  Althouqh 
this  approach  for  redshift  measurements  was  abandoned 
of  t  ho  h  ioh  rest  nf  an  orh’tal  satellite  pro¬ 
gram,  tne  design  later  evolved  into  tne  VLG-IOA  ground 
maser. 


The  maser  program,  which  began  at  Varian  Associ¬ 
ates  and  was  continued  by  Hewlett-Packard  when  it 
acquired  the  Varian  frequency  and  time  operation,  was 
transplanted  to  SAO  in  Cambridge,  Massachusetts,  in 
1969.  SAO  built  a  series  of  VLG-10A  masers  for  the 
Naval  Research  Laboratory  and  for  a  consort iun  of  four 
radio-astronomy  observatories.  In  1970,  the  gravita¬ 
tional  redshift  program  was  revived,  and  three  addi¬ 
tional  VLG-10A  masers  were  built  to  serve  as  the  ground 
reference  standards  for  the  redshift  experiment. 3 

The  requirements  for  the  redshift  probe  maser 
proved  to  be  extremely  demanding;  the  clock  was  to  be 
launched  in  a  200-lb  payload  by  a  solid-fuel  Scout 
rocket  to  an  altitude  of  10,000  km,  staying  aloft  for  2 
to  3  hours.  The  probe  maser  was  required  to  survive 
launch  environment  and  operation  within  specifications 
inmediately  after  burnout  —  necessitating  the  design  of 
an  extremely  rugged,  lightweight  cavity  structure  and  a 
sophisticated  thermal  control  system.  The  qualifica¬ 
tion  model  of  the  probe  maser  was  subjected  to  inten¬ 
sive  shock,  acoustic,  vibration,  spin,  magnetic-field, 
and  thermal -vacuum  testing  for  9  months. 

The  VLG-11  is  the  end  result  of  two  converging 
lines  of  development  -  the  earlier  ground  masers  and 
the  innovative  probe  maser  -  and  incorporates  the  best 
features  of  both  designs  into  an  entirely  new  genera¬ 
tion  of  hydrogen  masers. 

VLG-11  Desiqn  Philosophy 

There  are  two  basic  aspects  to  the  design  philoso¬ 
phy  developed  at  SAO  for  the  VLG-11  series  of  hydrogen 
masers.  First,  the  maser  cavity  was  to  be  as  inherent¬ 
ly  stable  as  possible.  Then  a  very  tightly  controlled 
thermal  and  mechanical  environment  was  to  be  estab¬ 
lished  for  the  cavity  to  permit  maser  operation  over 
long  periods  of  time  without  autotuning  or  other 
adjustment.  Toward  this  end,  the  cavity  was  constructed 
of  Cervit  101,  a  material  with  a  very  small  thermal- 
expansion  coefficient  (2  to  5  x  10*7/°C)  and  long-term 
resistance  to  dimensional  creep.  To  reduce  the  aspect 
of  the  thermal  coefficient  of  dielectric  loading,  the 
mass  of  the  storage  bulb  was  reduced  to  175  g  (from 
350  g  as  used  in  the  VLG-10  masers)  without  sacrificing 
the  stiffness-to-weight  ratio. 

The  second  basic  consideration  was  that  the  VLG-11 
was  to  be  a  readily  transportable,  rugged,  and  com¬ 
pletely  integrated  frequency  standard.  The  entire  sys¬ 
tem  was  engineered  as  a  unit,  and  all  electronics, 
including  the  signal -processing  elements  (receiver  and 
synthesizer),  were  mechanically  and  electrically  inte¬ 
grated  into  the  overall  design.  The  end  result  is  a 
relatively  small  instrument  weighing  about  650  lb  and 
requiring  a  source  of  only  24  to  30  volts  DC  at  200 
watts  to  operate. 

Mechanical  Desiqn 

The  maser  frequency  standard  is  housed  in  a  stand¬ 
ard,  caster-equipped,  aluminum  cabinet  measuring  52 
inches  high  by  22  ire  he.,  w'dc  by  30  inches  deep.  Three 
aluminum  brackets  are  welded  directly  to  the  cabinet 
frame  to  engage  a  set  of  ears  on  the  main  support  plate 
of  the  cylindrical  physics  package.  The  electronics 
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packages  are  built  up  around  the  physics  packages  on 
the  front  and  rear  mounting  rails  of  the  cabinet. 


of  the  printed-circuit  solenoid. 


The  physics  package  is  a  completely  self-contained 
unit,  interconnected  to  its  support  systems  through  a 
single  61 -pin  cylindrical  connector  for  power,  RF  out¬ 
put,  control  and  monitoring  lines,  and  two  hoses  for 
recirculating  the  air  used  to  control  the  RF  dissocia- 
tor  temperature. 

The  electronics  package  includes  the  control 
assembly,  consisting  of  a  monitor  panel,  main  card 
file,  control  panel,  receiver  box,  synthesizer  box,  and 
distribution  unit.  Figure  1  shows  the  physical  place¬ 
ment  of  these  components.  On  the  rear  panel  are  the 
air-flow  control  assembly,  the  heat-sink  assembly  for 
the  power  transistors,  and  the  high-voltage  power 
supply  for  the  ion  pump. 

In  Figure  2,  the  control  assembly  is  swung  out  on 
its  hinges  with  the  distribution  unit  partially  with¬ 
drawn  from  the  cabinet  on  its  chassis  slides.  The 
hinging  arrangement  permits  convenient  access  to  the 
rear  of  the  card  file,  monitor  panel,  and  control  panel 
for  maintenance  or  service  without  interruption  of 
power.  The  chassis  slide  provides  similar  capabilities 
for  the  distribution  unit,  which  houses  all  low-voltage 
power  supplies  and  analog  monitoring  buffer  amplifiers. 
Figure  3  shows  the  front  of  the  card  file  with  the 
individually  shielded  printed-circuit  cards  plugged 
into  the  backplane. 

A  closeup  of  the  receiver  and  synthesizer  boxes 
with  the  front  covers  removed  is  seen  in  Figure  4.  All 
the  synthesizer  modules  and  most  of  the  receiver  mod¬ 
ules  are  individually  shielded  plug-in  boxes,  which  can 
be  easily  removed  from  the  front  for  service. 

J 

Physics  Package 

The  figures  in  this  section  illustrate  the  design 
evolution  from  the  VLG-10A  series  of  masers  to  the  new 
VLG-11.  The  major  changes  are  a  more  rugged  cavity 
structure,  adapted  from  the  probe  maser;  improved  ther¬ 
mal  design,  also  an  outgrowth  of  the  probe  maser  pro¬ 
gram;  and  improved  magnetic  shielding  through  the  use 
of  torrispherical  shields. 

Figure  5  illustrates  the  cavity-bulb  assembly, 
including  the  output  line  and  isolator,  which  is  pro¬ 
perly  part  of  the  cavity  resonator.  The  photograph  of 
the  lightweight  bulb  in  Figure  6  reveals  the  tetrahe¬ 
dral  strut  supports.  Figure  7  shows  the  cavity-support 
structure  and  outlines  the  major  load  paths.  Stress 
changes  on  the  cavity  owing  to  the  expansion  coeffi¬ 
cient  of  the  aluminum  hold-down  cylinder  are  absorbed 
by  the  Belleville  washer.  Similarly,  thermally  induced 
radial  stress  at  the  base  is  relieved  by  the  rollers. 

The  cavity  is  isolated  by  barometrically  induced  stress 
provided  by  the  "floating  base"  construction  shown  in 
the  figure. 

The  magnetic  shield-oven  assembly  surrounding  the 
vacuum  tank  is  shown  In  Figure  8.  The  torrispherical 
shields  used  In  the  VLG-11  are  supported  at  their  ends 
by  rigid  foam-glass  Insulation.  These  shields  are 
subjected  to  far  less  local  stress  are  than  the  flat- 
ended  shields  In  the  VLG-10A  and  have  Improved  lapped 
joints  at  the  lower  cover  (the  upper  cover  Is  not 
removable).  The  printed-circuit  solenoid  for  the  VLG- 
11  Is  similar  In  design  to  the  probe  solenoid,  though 
considerably  larger  In  size.  The  multilayer  construc¬ 
tion  allows  nearly  complete  cancellation  of  stray 
magnetic  fields  and  provides  a  rugged  structure  that 
fits  closely  within  the  Innermost  magnetic  shield 
surrounding  the  vacuum  tank.  Figure  9  Is  a  photograph 


Figure  10  illustrates  the  thermal  control  system 
of  the  physics  package,  showing  the  division  of  the 
vacuum  tank  into  three  independent  zones  and  the  oven 
into  two  zones.  The  thermal  control  system  is  de¬ 
scribed  it  detail  in  the  following  section. 

The  ion-pump  manifold,  dissociator,  and  state 
selector  for  the  VLG-10  and  VLG-11  masers  are  compared 
in  Figure  11.  The  dissociator  glassware  in  both  cases 
is  similar  to  the  probe  maser  design.  The  location  of 
the  RF  discharge  optical  monitor  is  shown  in  the  figure; 
the  operation  of  this  circuit  is  described  in  the  next 
section. 

Electronic  Systems 

There  are  two  basic  categories  of  maser  electronic 
systems:  1)  maser  support  (thermal,  magnetic,  pressure, 
and  tuning  control)  and  2)  maser  signal  processing. 
Unlike  earlier  SAO  designs,  the  VLG-11  has  all  the 
electronics  integrated  into  a  single  functional  unit 
with  all  the  controls,  metering,  and  power  supplies 
centralized.  The  support  and  processing  electronics 
are  mechanically  and  electrically  compatible  with  each 
other  and  with  the  physics  package. 

Maser  Thermal  Controls 

Experience  with  earlier  models  of  hydrogen  masers 
demonstrated  that  the  sensitivity  of  the  cavity  tuning 
to  ambient  temperature  changes  was  much  greater  than 
expected.  Increasing  the  thermal  gain  of  the  oven  con¬ 
trollers  and  improving  the  temperature  stability  of  the 
thermistor  bridge  preamplifiers  did  not  produce  conmen- 
surate  improvements  In  temperature  coefficients.  Com¬ 
puter  modeling  of  the  maser  system  for  the  probe  maser 
design  indicated  that  thermal  gradients  along  the 
vacuum  tank  are  the  primary  contributor  to  the  ambient- 
temperature  sensitivity  of  the  cavity.  Exhaustive 
thermal  testing  of  the  probe  maser  confirmed  the  valid¬ 
ity  of  the  model.  Increased  thermal  gain  or  improved 
amplifier  stability  is  ineffectual  in  attacking  this 
problem;  however,  division  of  the  tank  (and  oven)  sur¬ 
faces  Into  independently  sensed  and  controlled  zones 
has  been  shown  to  be  a  powerful  technique  in  minimizing 
gradients. 

The  vacuum  tank,  therefore,  is  divided  into  three 
zones  -  dome,  cylinder,  and  base  -  each  with  its  own 
sensing  thermistor,  amplifiers,  and  heater  windings. 

Each  zone  can  respond  independently  to  external  thermal 
loading  without  materially  affecting  the  temperature  of 
the  other  zones.  To  minimize  the  thermal  stress  on  the 
vacuum-tank  controllers,  the  oven  is  divided  into  a 
dome-cylinder  zone  and  a  base  zone,  each  of  which  is 
independently  controlled.  The  major  heat-flow  path 
Into  the  oven  is  by  way  of  the  base  zone,  which  is 
adjacent  to  the  bump  and  thermally  coupled  to  it  by  the 
neck  structure  and  mounting  studs.  Independent  control 
of  the  base  zone  permits  it  to  respond  to  its  varying 
loads  without  excessive  heating  or  cooling  of  the  rela¬ 
tively  well -insulated  cylinder  dome  zone. 

A  separate  oven  Is  provided  for  the  isolator  and 
the  first  RF  preamplifier.  The  isolator  box  is  mounted 
on  the  upper  electronics  assembly,  along  with  four 
printed-circuit  boards  -  three  tank  preamplifiers  and 
the  tuning-diode  voltage  regulator.  The  upper  elec¬ 
tronics  assembly,  in  turn,  is  temperature-controlled  by 
the  air-flow  system,  which  also  provides  eontrolled- 
temperature  air  to  the  dissociator. 

The  close-cycle  air-flow  system  is  a  major  depar¬ 
ture  from  previous  practice.  Air  is  drawn  from  a 
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plenum  chamber  In  the  air-flow  assembly,  heated  to 
approximately  38°C  by  an  actively  controlled  heater, 
and  circulated  by  means  of  two  blowers  through  separate 
circuits  to  the  dissociator  assembly  and  to  the  upper 
electronics/ion-pump  assembly.  The  air  flow  is  then 
returned  to  the  plenum,  passing  through  an  air-to-air 
heat  exchanger,  one  side  of  which  is  in  equilibrium 
with  ambient  room  air. 

The  design  goal  for  both  the  oven  and  the  isolator 
box  is  a  temperature  stability  of  +0.01 °C  over  a  20  to 
30°C  range  of  ambient  temperatures.  The  goal  for 
vacuum-tank  stability  under  the  same  conditions  is 
+0.0005°C,  and  that  for  the  temperature-controlled  air 
in  the  air-flow  system,  +0.5oC. 

Preliminary  measurements  indicate  that  the  per¬ 
formance  requirements  on  the  two  oven  zones  have  been 
met.  The  resolution  of  the  temperature-monitoring 
equipment  is  approximately  +0.001°C,  so  full  verifica¬ 
tion  of  vacuum  tank  performance  is  not  possible; 
however,  the  tank  zones  are  controlled  within  the  reso¬ 
lution  limits  of  the  Instrumentation.  The  air-flow 
system  has  not  been  fully  tested  at  this  time. 

The  six  thermal  control  amplifiers  are  printed- 
circuit  boards  that  plug  into  the  main  card  file  in  the 
control  assembly  (see  Figure  3).  The  three  most  criti¬ 
cal  preamplifier  modules,  for  the  three  tank  zones,  are 
mounted  in  the  temperature-controlled  upper  electronics 
assembly.  The  preamplifiers  for  the  two  oven  zones  and 
the  isolator  box  are  mounted  on  the  amplifier  boards  in 
the  control  assembly.  The  power  transistors  for  the 
six  heaters  are  mounted  external  to  the  maser  cabinet 
on  the  rear-mounted  heat-sink  assembly.  The  controlled- 
temperature  air  system  is  completely  self-contained, 
with  integral  electronics,  in  the  rear  mounted  air-flow 
assembly. 

Hydrogen-Pressure  Control 

The  hydrogen  supply  for  the  dissociator  is  similar 
to  that  used  in  earlier  SAO  ground  masers.  A  2-  to  3- 
year  supply  of  hydrogen  gas  is  stored  in  a  1-liter  tank 
at  about  1000  psi.  A  thermally  controlled  palladium 
valve  meters  the  hydrogen  into  the  dissociator.  Hydro¬ 
gen  pressure  is  sensed  at  the  dissociator  input  by  a 
thermistor  Pirani  gauge.  A  second  identical  thermistor 
senses  the  high-vacuum  side  of  the  pumping  system, 
providing  ambient-temperature  corrections  to  the  pres¬ 
sure-measurement  circuitry.  The  output  of  the  thermis¬ 
tor  bridge  drives  amplifiers  that  control  the  tempera¬ 
ture  of  the  palladium  valve  so  as  to  maintain  the 
hydrogen  pressure  at  a  constant  level. 

The  pressure-control  electronics  consist  of  a 
printed-circuit  card  that  is  installed  in  the  main  card 
file.  The  power  transistor  that  drives  the  palladium- 
valve  heater  is  mounted  on  the  heat-sink  assembly  on 
the  rear  of  the  maser  cabinet. 

Oisso ciator  Osci 1 1 ator 

The  RF  oscillator  in  the  VLG-11  dissociator  is  a 
refinement  of  the  one-transistor  design  used  in  earlier 
SAG  masers.  The  oscillator  operates  at  approximately 
j..  XHz  with  6  i.  IT  watts  of  DC  power  input. 

The  VLG-11  version  of  the  dissociator  oscillator 
is  built  up  on  a  printed-circuit  board  and  employs 
microstrip  components  and  techniques  to  minimize  stray 
inductance  and  capacitance.  The  result  Is  a  very 
reliable,  stable,  and  reproducible  circuit.  A  four- 
turn  coil  serves  as  both  the  oscillator  tank  inductor 
and  the  electrode  for  excitation  of  the  atomic  hydrogen 
discharge. 


The  oscillator  supply  voltage  is  controlled  by 
voltage -regulator  circuitry  on  a  printed-circuit  card 
mounted  in  the  main  card  file.  The  regulator  power 
transistor  is  mounted  on  the  heat-sink  assembly. 

The  dissociator  electronics  provide  for  monitoring 
the  oscillator  voltage,  current,  and  RF  level  at  the 
collector  terminal.  In  addition,  an  optical  monitor  is 
incorporated  to  provide  a  quantitative  and  objective 
measure  of  the  brightness  of  the  discharge.  Two  inte¬ 
grated  photodetector/amplifiers  view  the  discharge 
through  "atomic"  and  "molecular"  interference  filters 
at  6562  A  (the  Balmer  y  line  of  atomic  hydrogen)  and 
6013  A  (near  a  hydrogen-band  spectrum),  respectively,  to 
provide  outputs  that  can  be  used  to  verify  proper  opera¬ 
tion  of  the  dissociator. 

Phaselock  Receiver 

The  VLG-11  phaselock  receiver  is  a  totally  new 
design,  fully  utilizing  recent  improvements  in  L-band 
and  RF  amplifiers.  An  RF  amplifier,  with  20-db  gain  at 
1420  MHz,  is  incorporated  in  the  isolator  box.  The 
preamplifier  is  temperature  controlled  to  within  +0.05°C 
to  help  present  a  more  constant  input  impedance  to  the 
isolator  output  port. 

Within  the  receiver  proper  (Figure  12),  the 
second  preamplifier  stage  is  preceded  by  an  input  filter, 
a  wide-band  device  whose  only  requirement  is  to  reject 
the  image-frequency  noise  input  at  approximately  740  MHz. 
A  double-balanced  harmonic  mixer  follows  the  second  RF 
amplifier.  The  local -oscillator  frequency  for  this 
first  mixer  is  360  MHz;  the  third  harmonic  of  360, 

1080  MHz,  is  qenerated  in  the  mixing  process  and  beats 
with  the  1420. 4- MHz  RF  from  the  maser  to  generate  the 
240.4-MHz  first  intermediate  frequency.  Harmonic  mixing 
is  inherently  phase  stable,  although  there  is  a  penalty 
Of  approximately  12  db  in  conversion  loss.  The  receiver 
noise  figure  is  determined  by  the  preamplifiers  preced¬ 
ing  the  first  mixer,  and  the  overall  noise  figure  is 
unaffected  by  the  additional  loss.  The  output  of  the 
first  mixer  is  filtered  and  down-converted  again  in  the 
second  mixer.  The  second  local-oscillator  frequency  is 
again  360  MHz,  giving  a  second  IF  of  19.595  MHz.  The 
19.595-MHz  frequency  is  amplified  and  routed  to  the  IF 
amplifier  module,  where  a  third  down  conversion,  to 
405  kHz,  is  accomplished.  This  IF  amplifier  has  a  gain 
of  approximately  60  db  and  hard-limits  the  signal  in  a 
symmetrical  nonsaturating  manner. 

The  output  of  the  amplifier  limiter  drives  the 
balanced  phase  detector  in  the  integrator  module.  The 
reference  for  the  phase  detector  is  the  nominal 
405.751685-MHz  output  of  the  digital  synthesizer.  The 
DC  output  of  the  phase  detector  is  amplified  and  used 
to  tune  electronically  the  60-MHz  voltage-controlled 
crystal  oscillator  (VCX0).  Auxiliary  circuitry  in  the 
integrator  module  indicates  the  maser  signal  level  by 
means  of  a  second  quadrature  phase  detector  and  sweeps 
the  VCX0  in  the  absence  of  a  quadrature  output  to  facil¬ 
itate  initial  acquisition. 

The  60-MHz  output  of  the  VCX0  drives  an  emitter- 
coupled-logic  (ECL)  limiter  and  pulse  shaper,  which  in 
turn  drives  a  x3  multiplier.  The  output  of  the  x3  mul¬ 
tiplier,  at  180  MHz,  is  amplified  to  drive  a  full-wave 
frequency  doubler,  the  360-MHz  output  of  which  is  used 
as  the  local-oscillator  signal  for  both  the  first  and 
the  second  mixer.  The  output  of  the  pulse  shaper  also 
serves  as  the  input  to  ECL  digital  dividers,  which  pro¬ 
vide  20-  and  5-MHz  outputs.  Both  the  x3  multiplier  and 
the  ;3  dividers  are  referenced  to  the  extremely  fast 
transition  of  the  ECL  pulse  shaper  to  improve  phase 
coherence  between  the  local-oscillator  signals  and  the 
5-MHz  outputs.  To  improve  the  phase  stability  further. 
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the  pulse  shaper,  the  frequency  multipliers,  and  the 
digital  dividers  are  housed  in  an  oven  module,  which 
holds  the  internal  temperature  to  +0.1°C. 

Two  independent  5-MHz  output  channels  are  sepa¬ 
rately  buffered  for  isolation;  a  third  channel  provides 
ECL -compatible  5.0  MHz  to  the  digital-synthesizer  ref¬ 
erence  input.  Separate  buffered  outputs  are  available 
at  60  and  360  MHz  for  special  applications. 

The  receiver  box  is  mounted  on  the  front  panel  of 
the  maser  cabinet  just  below  the  control  assembly.  The 
oven  module  can  be  seen  at  the  lower  right  in  Figure  4, 
behind  the  bracket  that  holds  the  oven-control  elec¬ 
tronics.  The  RF  module  (input  plate)  is  on  the  upper 
left,  and  the  shielded  modules  containing  the  printed- 
circuit  boards  for  the  IF  amplifier,  the  integrator, 
the  360-MHz  distribution  amplifier,  and  the  two  5-MHz 
buffers  are  just  below  the  input  plate  on  the  lower 
left. 

In  keeping  with  the  general  philosophy  of  the  VLG- 
11  design,  all  monitoring  and  power  functions  are  pro¬ 
vided  by  the  maser  system.  The  receiver  requires  no 
operator  controls  nor  adjustments. 

Digital  Synthesizer 

The  VLG-11  digital  synthesizer  is  also  a  totally 
new  design.  Previous  SAO  maser  systems  employed  com¬ 
mercial  synthesizers,  which  were  bulky  and  heavy  and 
required  65  to  100  watts  of  110-volt  AC  power.  The 
VLG-11  synthesizer  is  quite  compact  and  draws  only  3 
watts  from  the  28-volt  DC  maser  power  supply.  The  syn¬ 
thesizer  provides  a  resolution  of  0.001  Hz  over  a 
tuning  range  of  405,750.000  to  405,753.999  Hz. 

The  primary  requirements  imposed  on  the  synthesiz¬ 
er  are  low  phase  noise,  low  phase  drift,  and  a  very  low 
level  of  spurious  outputs  at  frequencies  within  10  kHz 
of  the  carrier.  The  system  designed  for  this  purpose 
is  shown  in  block  diagram  form  in  Figure  13.  Each  of 
two  subloop  circuits  generates  two  variable  digits, 
using  digital  divide-by-N  phaselock  loops.  A  simpli¬ 
fied  block  diagram  of  subloop  1  is  shown  in  Figure  14. 

A  single  LSI  CMOS  integrated  circuit  provides  the  fN 
programable  counter  and  digital  phase-detector  func¬ 
tions.  The  reference  frequency  for  the  phase  detector 
is  relatively  high,  10  kHz,  so  that  very  good  refer¬ 
ence-frequency  suppression,  better  than  -70  db,  is 
possible  at  the  output  of  the  VCO. 

The  outputs  of  the  two  subloops  are  combined  in 
the  5. 5-MHz  loop,  which  locks  a  third  VCO  to  the  sum  of 
the  two  subloop  frequencies  plus  5.0  MHz.  The  550-kHz 
output  of  the  loop  is  translated  to  5.750  kHz  in  the 
translator,  using  frequencies  derived  from  the  5.0-MHz 
synthesizer  reference,  and  fed  to  the  4,05-MHz  loop. 
This  circuit  locks  a  4.05750-MHz  crystal  oscillator  to 
the  sun  of  the  output  of  the  translator  and  the  4.0-MHz 
signal  derived  directly  from  the  reference.  The  output 
of  the  crystal  oscillator  is  divided  by  10  to  yield  the 
405,750.000-  to  405,753.999-Hz  drive  signal  for  the 
receiver  phase  detector. 

The  short-term  stability  of  thn  synthesizer  has 
been  measured  by  offsetting  two  synthesizers  by  1.2  Hz 
and  measuring  the  period  of  the  beat  output  from  a  low- 
noise  phase  detector.  The  results  are  shown  in  Table  1. 

The  synthesizer  box  is  mounted  on  the  front  of  the 
maser  below  the  receiver.  All  circuitry  is  mounted  on 
shielded  printed-circuit  modules  that  plug  into  a  back 


Table  1.  Short-term  stability  of  VLG-11  digital 
synthesizers.  (The  1.42  GHz  is  the 
equivalent  noise  when  the  synthesizer 
is  used  in  conjunction  with  the 
receiver. ) 


Average  time 
(sec) 

Allan  variance 

At  405  kHz 

At  1 .42  GHz 

8.3 

1 .2  x  10'1Z 

3.4  x  10‘j!j 

83.3 

2.2  x  10*]3 

6.3  x  10-7 

833.3 

5.9  x  10'14 

1.7  x  10*17 

plane.  The  modules  can  be  operated  on  extender  cards 
for  maintenance  and  troubleshooting. 

Monitoring  of  the  synthesizer  lock-loop  status  is 
provided  on  the  maser's  monitor  panel.  A  special  high- 
resolution  counter  and  LED  readout  is  included  on  the 
monitor  panel  to  display  the  four  least-significant 
digits  of  the  synthesizer  output  frequency.  Thumb¬ 
wheel  switches  for  setting  these  four  digits  are 
located  on  the  maser  control  panel.  Operating  power 
for  the  synthesizer  ’s  furnished  from  the  power  supply 
for  the  main  maser. 

Monitoring  and  Control 

The  VLG-11  incorporates  an  extensive  monitoring 
capability.  Four  front-panel  mounted  meters,  each  with 
an  eight-position  selector  switch,  are  located  on  the 
monitor  panel  to  provide  quick-look  monitoring  of  32 
functions.  These  include  all  main  power-supply  volt¬ 
ages,  all  heater  voltages,  hydrogen  dissociator  operat¬ 
ing  conditions,  receiver/synthesizer  signal  levels,  and 
phaselock  control  voltages. 

The  monitor  panel  also  includes  the  small  four- 
digit  counter  and  LED  readout  for  displaying  the  output 
frequency  of  the  synthesizer.  The  counter  is  independ¬ 
ent  of  the  synthesizer  and  serves  as  a  check  on  the 
proper  operation  of  the  synthesizer.  Six  LED  lamps  on 
the  panel  provide  a  quick-look  indication  of  the  status 
of  the  main  power,  the.rmal,  pressure,  pump,  and  disso¬ 
ciator  oscillator  subsystems. 

In  addition  to  the  analog  metering,  the  VLG-11 
provides  an  internal  telemetry  system.  Thirty-one 
channels  of  voltage  or  current  data  are  normalized  to 
a  standard  0-  to  +5. 0-volt  full  scale,  buffered,  and 
brought  out  to  a  61 -pin  cylindrical  test  connector  on 
the  front  panel.  This  analog  output  is  designed  to 
simplify  the  interfacing  of  a  digital  data-processing 
system  to  the  maser  for  continuous  recording  of  criti¬ 
cal  operating  parameters.  Five  monitoring  thermistors 
are  also  accessible  through  this  connector  to  permit 
convenient  measurements  of  the  temperature  of  each 
vacuum  tank  and  oven  thermal  zone. 

Performance  Data 

i-.ly  a  relatively  limited  a.'uunt  ,:c  performance 
data  for  the  VLG-11  is  current'.,  uiil.ii'e. 

Short-term  stability.  The  ,nr,-t-te*'':i  stability 
data  i.iken  to  date  are  shown  in  Figure  ’  h.  wit:  compar¬ 
able  i  LG-1  DA  data  shewn  fr.r  reform  e.  ,i_  t-- T 1  data  fer 
aver, suing  intervals  greate*  thar  i  s  ,  .  ,»re  not  vet 

ava  liable. 

Environmental  st.ii  ii  ity.  A  comprehensive  environ¬ 
mental  test  proqranflor  the  VLG-11  masers  will  begin  at 
SAO  in  July  1977;  thermal,  maqneti v- fi el d,  a>  ‘  haromet- 
ric-pressure  sensitivity  .11  be  evaluated. 
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Preliminary  test  results  indicate  that  the  torri- 
spherical  shield  design  increases  the  magnetic-shielding 
factor  by  approximately  1.5.  To  verify  this  improve¬ 
ment,  a  large  Helmholtz  coil  is  under  construction, 
designed  to  permit  testing  under  carefully  controlled 
conditions.  Similarly,  a  special  chamber  is  being 
built  at  SAO  to  provide  barometric-pressure  testing 
capabilities  over  an  ambient-pressure  range  of  +0.0  to 
+2.0  inches  Hg. 
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FIGURE  5.  CAVITY-BULB  ASSEMBLY  AND  COMPARISON  WITH  VLG-10. 
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FIGURE  7.  CAVITY  STRUCTURE  AND  COMPARISON  WITH  VLG-10. 
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FIGURE  8.  MAGNETIC-SHIELD-OVEN  ASSEMBLY  AND 
COMPARISON  WITH  VLG-10. 


FIGURE  9.  PRINTED  -CIRCUIT  SOLENOID  ASSEMBLY. 
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FIGURE  15.  PRELIMINARY  STABILITY  DATA  ON  THE  VLC.-ll  MASER. 
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Summary 

A  theory  describing  the  H  maser  frequency  and 
amplitude  response  to  coherent  Zeeman  rerturbatlons 
is  presented.  Measurements  Der formed  on  a  H  maser 
for  different  magnetic  fields  are  found  to  be  in 
good  agreement  with  the  theory.  For  uniformly  popu¬ 
lated  Zeeman  sublevels  and  low  magnetic  fields  this 
theory  predicts  that  the  Zeeman  perturbation  add  a 
pure  broadening  term  to  the  ordinary  H  maser  fre¬ 
quency  equation.  This  prediction  is  confirmed  by 
preliminary  experimental  results.  Cavity  tuning  by 
Zeeman  effect  on  uniformly  populated  Zeeman  sublevels 
is  also  investigated  experimentally.  Finally  results 
relative  to  the  Zeeman  effects  on  the  Rb  maser  are 
given. 

Introduction 

The  Zeeman  effect  on  H  and  Rb  masers  has  been 
studied  experimentally  and  theoretically  by  several 
authors  (1,2, 3, 4,5).  However,  only  partial  theories 
of  the  phenomenon  has  been  given  so  far,  despite  the 
practical  importance  of  these  studies  which  allow  to 
predict  or  control  the  effect  of  magnetic  field  inho¬ 
mogeneities  and  magnetic  field  fluctuations  on  the 
long  term  frequency  stability  of  the  maser.  A  more 
complete  theoretical  and  experimental  study  of  Zeeman 
effects  on  H  maser  is  presented  here  and  is  analy¬ 
sed  from  a  practical  point  of  view. 

Zeeman  Effects  on  H  maser  -  Theory 


in  the  absence  of  Zeeman  perturbations: 
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where  the  source  terms  a^2  and  a23  are  expressed 
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This  work  is  an  extension  of  a  similar  work  done 
by  Andresen  (1) .  However  we  take  into  account  the 
full  spin-exchange  phenomenon  in  presence  of  Zeeman 
cbherence  (6)  and  we  make  the  calculation  for  unres¬ 
tricted  maser  amplitude.  Details  of  the  calculations 
are  given  in  Ref.  (7}  Here  the  most  Important  results 
are  summarized.  The  hydrogen  atomic  levels  of  inte¬ 
rest  are  presented  in  Figure  1.  The  Zeeman  sublevels 
are  identified  respectively  by  numbers  1,2,3;  the  ma¬ 
ser  transition  takes  place  between  levels  2  and  4. 

Maser  Physical  Parameters  Calculation 

The  Zeeman  line-width  (w.  2 ,  w^)  and  the  maser 
line-width  (®42)  are  expressed  by: 

«j2  =  r  f  Y2  ♦  £i(l  -  p) 

w23  =  r  +  y2  +  |u(l  a  p)  (1) 


where  r  is  the  bulb  escane  rate,  y2  is  the  density 
independent  line-widrh,  takine  into  ‘account  relaxa¬ 
tion  by  wall  and  magnetic  lnhomogenclties;  u/2  • 

nv-  represents  the  longitudinal  spin-exchange  relaxa¬ 
tion  rate  and  p  =  p  -  r33  is  the  atomic  polarl- 
sat I  on . 


The  oscillating  maser  transition  rate  (X,») 

2  2 

w  2  in  the  absence  of  Zeeman  perturbations  is: 

"2  -  , 
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where  fi  is  the  Bohr  magneton,  I  is  the  total  ato¬ 
mic  flux  in  the  beam,  n  is  the  filling  factor,  Q 
the  loaded  cavity  quality  factor  and  v  the  cavity 
volume.  Equation  5  is  equivalent  to  thi  more  fami¬ 
liar  expression  of  the  maser  power  as  a  function  of 
the  oscillating  parameter  q  and  atomic  flux  (8). 

The  main  results  of  this  calculation  is  that  the 
population  difference  between  two  given  Zeesmn  suble¬ 
vels  depends  on  the  relative  flux  into  these  levels 
and  also,  due  to  the  spin-exchange  relaxation,  on  re¬ 
lative  flux  into  the  ether  levd.  Knowledge  of  the 
previous  oscillating  maser  parameters  allows  the  cal¬ 
culation  of  the  maser  amplitude  and  frequency  response 
to  Zjeman  perturbations.  The  Zoemc.r.  intensity 
=  X,.)  Is  a  scale  factor  and  can  be  adlusted  for 

fitting  the  experimental  result*. 

Maser  Frequency 


The  population  difference  for  the  oscillating 
GSjser  ere  calculated  trOlu  fuuuuiitcUtcar  yatutiecein  Cud 


We  Introduce  first  the  notation.  Zeomau  coheren¬ 
ce::  are  drifted  by  spin-exchange  tr.tcrrctlon,  hv 
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Consequently  the  detuning  between  the  external  cohe¬ 
rent  Zeeman  excitation  frequency  iu  and  the  shifted 
Zeeman  transition  frequencies,  in  the  limit  of  nearly 
tuned  cavity,  are  expressed  by: 
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Introducing  the  lorentzian  shape,  associated  with 
Zeeman  absorption: 
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and  the  associated  dispersion: 
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it  is  convenient  to  define  a  generalised  absorption 
type  curve  given  by: 
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a  generalized  dispersior  type  curve  given  by: 
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and  a  combined  function  of  both  A^  and 
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For  simplicity  we  report  in  the  following  the  theore¬ 
tical  results  relative  to  a  tuned  cavity. 

The  maser  frequency  (ui^) ,  including  the  Zeeman 
effects,  is  given  bv  the  expression: 
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where  .  ,  is  the  unperturbed  atomic  H  frequency 
corrected  for  the  second  order  magnetic  field  depen¬ 
dence;  is  the  spin-exchange  frequency  shift 

in  presence  of  Zeeman  perturbations,  Au>  is  an  asym¬ 
metry  parameter  dependent  term,  Am  is  a  polarisation 
dependent  term,  b  represents  the  ^Zeeman  line  broade¬ 
ning  and  e  /T.  is  a  recently  introduced  spin- 
exchange  shift  term  (2). 

The  spin-exchange  shift  (A  )  express  ion  is: 


5v(D244  D24) 
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where  0^.  is  the  population  difference  in  absence  of 
2-4 


Zeeman  perturbations,  as  given  by  Eq .  2  and  D  ^  re¬ 
presents  the  change  induced  by  the  Zeeman  perturba¬ 
tions  expressed  bv: 
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In  the  absence  of  Zee® an  perturbations  Am  Is 

proportional  to  the  maser  full  line-width  ?l8) .  This 
statement  is  not  generally  true  when  Zeeman  perturba¬ 
tions  are  present.  In  this  last  case  the  maser  oscil¬ 
lation  condition  is: 


rHv 
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(16) 


where:  *  =  D^*  C^X2^-  (17) 


which  corresponds  to  a  spin-exchange  shift  given  by: 
Am 
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where  the  usual  notation  for  \  (v  =  nv  X)  has  been 
introduced  and  c  Is  a  density  independent  parameter 
v  v  h 

(c  =  - 5_£ — jp) .  Eq.  (18)  shows  th<*t  only  for  uni- 

ld’Kjnw^ 

formly  populated  Zeeman  sublevels  the  spin-exchange 
shift  in  presence  of  Zeeman  perturbation  is  proportio¬ 
nal  to  the  maser  full  line-width. 


The  asymmetry  parameter  dependent  term: 

V  F 12X12~ 
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(19) 


is  the  sum  of  two  near  centered  and  opposite  disper¬ 
sion  type  curves.  It  is  independent  of  the  Zeeman 
sublevel9  populations.  This  term  represents  a  direct 
contribution  of  the  coherent  Zeeman  perturbation  which 
consists  of  two  opposite  pulling  effects  on  the  meser 
frequency.  Neglecting  the  spin-exchange  shift  these 
pulling  cancel  themselves  perfectly  in  the  limit  of 
zero  magnetic  field. 


bv: 

Aw 


The  polarisation  dependent  term  Aw^  is  given 
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This  is  the  dominant  term  for  an  ordinary  maser  opera¬ 
ting  with  no  uniform  Zeeman  sublevels  pooulatiuns  and 
become  smaller  when  the  polarisation  p  is  decreased. 
The  term  vanishes  rigorously  onl^  for  uniform  Zeeman 
sublevels  populations  i.e.  for  *  0.  As 

a  conclusion  the  maser  frequency  equation  useful  for 
low  magnetic  fields  and  uniform  Zeeman  sublevels  popu¬ 
lations  is: 
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(21) 


than  the  maser  power  dip,  center  frequency,  Theoreti¬ 
cally  this  trequencv  difference  is  a  function  of  the 
maser  power  and  cavity  frequency. 


=  n24  +  (^Awc  -cX)(P42  +  b) 

This  equation  illustrate  a  zero  total  Zeeman  induced 
frequency  shift  and  pure  Zeeman  broadened  line. 

This  equation  predicts  the  existence  of  a  cavity 
setting  for  which  the  maser  frequency  is  independent 
of  both  Zeeman  intensity  and  Zeeman  frequency.  This 
cavity  setting  is  named  the  Z.I.F.S. 

Maser  Power 


Maser  power  variations  (Ad  )  due  to  the  effect  of 
coherent  Zeeman  perturbations  is  expressed  by: 
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where  flp  =  (X,„)  -  Ot.,)  and  the  broadening  b  is: 
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b  =  a12x^2  ,  A23x23 


(23) 


Eq.  (22)  shows  that  the  maser  power  is  increased  by 
Zeeman  perturbations  of  frequency  &12  if  D°  >  0. 

On  the  contrary  the  maser  pow^r  is  decreased  By  Zeeman 
perturbations  of  frequency  ^3  If  °23  >  0*  This 

is  a  usual  situation  for  masers  having  one  magnetic 
state  selector.  The  broadening  term  b  appearing  in 
this  Eq.  does  not  depends  on  the  Zeeman  sublevels  popu¬ 
lations.  Consequently  it  contributes,  in  all  situa¬ 
tions,  to  the  maser  power  decrease.  The  broadening 
b  is  the  dominant  term  when  uniform  population 
between  Zeeman  sublevels  is  obtained. 

Experimental  Results 


H  Maser  Experimental  Results 

The  experimental  results  has  been  obtained  on  H 
masers  having  6  magnetic  shields  and  provided  with  a 
RF  coil  at  the  exit  of  the  state  selector  magnet  for 
mixing  Zeeman  populations. 

Measurements  have  been  performed  for  both  high 
and  low  magnetic  fields.  The  agreement  between  the 
theory  and  the  experiment  is  satisfactory  and  illustra¬ 
ted  in  Figure  2.  Maser  frequency  changes  and  relative 
maser  power  changes  induced  bv  the  Zeeman  perturbations 
are  plotted  against  the  Zeeman  frequency.  The  points 
are  the  experimental  values  and  continuous  curves  are 
calculated  theoretically  using  the  parameter  values 
shown  in  figure  2. 


We  nay  notice  that: 

1.  Tlv  m.i  r-  -'over  dip,  :  'ntnr  <rrecuenc",  dneo 

nnf  r>c  :r  it  th--  r:w:t  >cmr.  transition  frequen  v  due 
to  complicated  effects  f  a  f-’d  with  the  doublet 

structure  of  the  Zeeman  line.  The  frequency  separa¬ 
tion  of  the  two  lines  is  0.387Hz. 

2.  The  zero  crossing  of  the  maser  frequency  dis¬ 
persion  like  curve  occurs  for  Zeeman  frequency  lower 


3.  A  structure  in  the  maser  power  apparently  un¬ 
correlated  *rit:h  the  Zeeman  frequencies  appears.  Ftf.3 
shows  how  the  structure  in  the  power  curve  arises.  The 
effect  of  each  Zeeman  line  has  been  calculated  separa¬ 
tely.  Index  1  refers  to  the  1-2  Zeeman  transition 
and  index  2  refers  to  the  2-3  Zeeman  transition. 

In  Fig.  4  a  comparison  for  Zeeman  frequencies 
around  26.5  KHz  is  shown.  This  measurement  illustra¬ 
tes  the  fact  that  Zeeman  perturbation  can  contributes 
either  to  an  increase  or  a  decrease  in  the  maser  power 
depending  on  both  flux  distribution  and  the  Zeeman  fre¬ 
quency. 

In  Fig.  5  a  typical  comparison  at  low  magnetic 
field  is  shown.  Both  theoretical  and  experimental  va¬ 
lues  of  the  frequency  displacement  between  the  power 
dip,  center  frequency,  and  the  dispersion-like  curve, 
center  frequency,  become  negligible. 

Mixing  the  Zeeman  Sublevels  Populations 


Uniform  Zeeman  populations  can  be  obtained  experi¬ 
mentally  using  a  R.F.  coil  placed  at  the  exit  of  the 
magnetic  state  selector.  In  our  measurements  the  coil 
exciting  frequency  was  approximately  907  KHz,  the  beam 
diameter  was  about  4  mm  and  the  interaction  region 
lenght  was  aoproximatlv  2  cm.  Fig.  6  shows  how  the 
maser  dispersion-like  frequency  curve  is  changed  into 
a  straight  line  bv  proper  Zeeman  mixing.  Similar  re¬ 
sults  have  been  obtained  previously  by  V.  Reinhardt 
(3)^3  The  dispersion  around  the  straight  line  is  5  x 
10  .  In  scale  B  the  maser  frequency  shifts  has  been 

expanded  bv  a  factor  of  10.  The  measurement  averaging 
time  was  -  12  sec.  The  quoted  dispersion  is  approxi¬ 
mately  1  order  of  magnitude  greater  than  the  maser 
stability  for  the  same  averaging  time.  Noise  appearing 
on  the  straight  line  seems  to  be  due  to  instabilities 
associated  with  the  mixing  techniaue.  Fig.  7  shows  the 
maser  frequency  for  a  cavity  detuning  of  -600  Hz.  The 
effect  of  Zeeman  broadening  appears  evident.  The  mini¬ 
mum  cavitv  detuning  detectable  in  the  experimental  con¬ 
ditions  illustrated,  was  approximately  150  Hz. 

Rb  Maser  Results 


Analytical  calculations  are  not  available  for  the 
Rb  maser  due  to  the  complexity  of  the  problem  which 
requires  a  solution  of  8  x  8  density  matrix  equations 
However  the  results  obtained  on  H  maser  can  be  trans¬ 
ferred  qualitatively  to  the  Rb  maser. 

Fig.  8  shows  tvnical  exnerinental  results  obtained 
for  the  Rb  maser.  Also  for  the  Rb  maser,  the  zero 
crossing  of  the  maser  frequency  dispersion-like  curve 
occurs  at  a  Zeeman  rrenuencv  lover  than  the  maser  power 
din,  center  frequency. 

Curves  1  and  3  corresponds  ro  almost  opposite 
cavitv  detuning.  Tn  the  curve  1  zero  maser  frequency 
shift  occurs  at  the  exact  Zeeman  frequency  correspon¬ 
ding  to  the  minimum  power.  This  is  the  usual  situation 
when  a  resonnant  coherent  Zeeman  tuning  is  used. 

Cnnrl ns ion 


Some  practical  suggestions  of  the  present  work  -ire 
the  use  of  the  Zeeman  effect  on  the  maser  power  for  ma¬ 
gnetic  state  selection  efficiency  measurement  and  th* 
possibility  of  Z.I.F.S.  for  the  tuning  of  the  H  maser. 
We  have  calcul ated  here  the  maser  response  to  a  mono¬ 
chromatic  perturbation.  The  maser  response  to  any  Zee- 
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wan  perturbation  can  be  obtained  by  the  convolution 
of  the  present  response  function  with  the  given  Zee- 
nan  perturbation  spectral  densitv.  In  particular  the 
effect  of  DC  magnetic  field  inhomogeneities  can  be 
derived. 

Finally  from  a  more  fundamental  point  of  viewy im¬ 
provement  of  the  Zeeman  mixing  technique  will  allow 
measurements  of  the  soin-exchange  parameter  the 

output  frequency  difference  between  a  s.e.  tuned  maser 
and  a  Z.I.F.S.  tuned  maser  being  c  times  the  maser 
line  width. 
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FtS-  typical  Zeeman  effects  on  B  maser  for  high  magnetic  fields: 
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Fir.  8:  typical  Zeeman  effects  in  Rh  maser. 
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MASER  AMPLITUDE  (ARB.  UNITS). 


DEVELOPMENT  OF  A  CESIUM  BEAM  CLOCK  FOR  SATELLITE  APPLICATION 


James  George  and  Alfred  I.  Vulcan 
Frequency  Electronics,  Inc. 

New  Hyde  Park,  New  York 


Summary 

A  new  Cesium  Beam  Clock  has  been  devel¬ 
oped  whose  design  concept  focuses  on  those 
perameters  necessary  for  a  space  environ¬ 
ment.  The  characteristics  which  were 
optimized  for  space  use  also  resulted  in 
a  device  which  has  application  to  airborne 
and  ground  based  usage  with  stringent  en¬ 
vironmental  conditions.  These  character¬ 
istics  are  low  weight,  low  power  consump¬ 
tion,  radiation  hardened,  rugged  construc¬ 
tion,  and  long  life.  This  paper  discusses 
the  general  design  concept  and  presents 
test  data  taken  on  two  prototype  units. 

Introduction 

Prototype  resonators  are  constructed 
of  10”,  12"  and  14"  length.  In  addition 
20"  tubes  are  presently  in  production  for 
laboratory  use.  The  14"  length  was  sel¬ 
ected  as  the  best  compromise  between  fre¬ 
quency  stability  and  tube  life.  The  pro¬ 
jected  lifetime  for  the  14”  tube  is  seven 
years  minimum,  with  the  projection  based 
upon  data  gathered  during  1  1/2  years  of 
laboratory  operation. 

Some  of  the  features  used  in  the  new 
resonator  are  as  follows: 

1.  Indirectly  heated  Niobium  targei 
with  a  10  section  electron  multi¬ 
plier  is  utilized.  The  signal-to- 
noise  ratio  is  55  to  60  db  as  com¬ 
pared  to  40  db  for  spectrometer 
detectors . 

2.  Improved  shielding  allows  a  small 
size. 

3.  An  improved  maqnetic  structure  op¬ 
erating  at  0.8  alpha  for  velocity 
selection  gives  a  higher  signal 
level  as  compared  to  standard  tubes 
operating  at  0.3  alpha. 

4.  Improved  Cesium  oven  for  zero  grava- 
tational  environment  using  a  metal¬ 
lic  sponge  structure  preventing 
Cesium  migration  from  the  collimator. 

5.  Ruggedized  construction  permits  op¬ 
eration  to  vibration  levels  of 

28  Grms. 

Design 

Figure  1  is  a  table  showing  the  basic 
environmental  characteristics  of  the  new 
Cesium  Beam  Resonator.  Broad  temperature 
range  operation  is  obtainable  through  the 
use  of  a  compensated  waveguide  structure 
and  thermistor  compensation  networks  for 
the  multiplier  diodes.  The  compensation 
permits  usable  opfration  over  the  tempera¬ 
ture  range  of  -55  C  to  +71°C  with  a  coeffi¬ 
cient  of  1.3xlO_1V°C.  The  temperature 


variation  is  due  mainly  to  thermal  expansion 
of  the  C-Field  shield. 

Figure  2  shows  the  Ramsey  curve  for  the 
14"  Cesium  Beam  Resonator.  The  symmetry  of 
the  first  order  field  independent  state  with 
the  main  peak  centered  indicates  a  linear 
magnetic  field  and  good  magnetic  shield  in¬ 
tegrity.  The  high  peak-to-valley  ratio  is 
an  indication  of  good  phase  coherence  in 
the  microwave  tee. 

Figure  3  is  a  block  diagram  of  the  entire 
Cesium  Beam  Standard.  The  power  dissipation 
of  the  tube  including  the  oven,  primary  loop, 
multiplier,  and  detector  is  8.5  watts.  At 
-60  C  an  additional  3.5  watts  is  required 
for  the  Cesium  oven.  The  primary  loop  has 
a  time  constant  of  1  second  and  the  secondary 
loop  time  constant  is  20  seconds.  An  oven- 
ized  14.59  MHz  oscillator  feeds  a  x630  mul¬ 
tiplier  chain  consisting  of  a  xl8  and  x35 
Step-Recovery-Diode  multiplier.  The  x35  out¬ 
put  at  9.19  GHz  feeds  the  resonator  input. 

A  low  noise  FET  amplifier  at  the  tube 
output  converts  the  detector  signal  to  a 
usable  level. 

The  Cesium  oven  controller  is  a  high  ef¬ 
ficiency  device  using  a  pulse  width  modula¬ 
tion  to  achieve  82%  efficiency.  The  power 
supply  configuration  consists  of  D.C.  con¬ 
verters,  switching  regulators,  and  a  series 
regulator  in  each  module.  This  approach 
results  in  extremely  low  R.F.  modulation  by 
line  related  frequencies.  The  synthesizer 
accepts  the  14.59  MHz  signal  and  converts 
it  to  5  MHz.  "V. e  5  MHz  also  drives  a  Time- 
of-Day  clock  which  presents  both  a  visual 
indication  and  a  serial  TOD  output. 

Figure  4  is  a  block  diagram  for  the  pri¬ 
mary  loop.  A  novel  feature  of  this  circuit 
is  an  auto  lock  provision  such  that  in  the 
event  of  a  loss  of  lock  in  the  satellite 
environment  due  to  power  outage,  high  radia¬ 
tion  inputs ,  or  EMC  transients  the  system 
automatically  reacquires  the  proper  Ramsey 
peak  within  30  seconds.  Referring  to  figure 
4  it  is  seen  that  the  detected  output  from 
the  FET  amplifier  drives  a  synchronous  de¬ 
tector  and  a  2  millisecond  delay  compen¬ 
sates  for  the  phase  shift  through  the 
Cesium  Beam  Resonator.  The  offset  null  loop 
compensates  for  any  long  term  drift  of  the 
integrator  circuit  so  it  has  negligible 
effect  on  frequency. 

A  loss  of  lock  initiates  the  sweep  gen¬ 
erator  which  slews  the  VCXO  over  a  range 
of  +  1  PPM.’  At  the  same  time  the  synchro- 
nous’  detector  is  inhibited  and  the  output 
feeds  a  peak  detector  and  hold  circuit. 

Since  the  side  lobes  are  70t  of  the  main 
lobe,  the  comparator  and  scaler  senses  when 
the  main  lobe  is  acquired,  enabling  the 
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synchronous  detector  and  locking  the  system. 
In  actual  use  the  VCXO  sweeps  through  a 
minimum  of  3  peaks  and  on  the  return  sweep 
lock  is  obtained. 

Figure  5  is  a  block  diagram  of  the  syn¬ 
thesizer  and  secondary  loop.  This  circuit 
accepts  the  14.59  MHz  output  from  the 
primary  loop  and  divides  and  mixes  inter¬ 
nally  generated  frequencies  to  synthesize 
5  MHz.  A  programmable  divider  with  a  di¬ 
vision  ratio  of  1,450  to  2,050  allows  the 
output  frequency  to  be  changed  over  a 
range  of  1x10-8  with  a  resolution  of 
1.6xl0~l3.  The  5  MHz  oscillator  in  the 
secondary  loop  has  extremely  low  phase 
noise  and  excellent  short  term  stability 
and  in  the  free-running  condition  the  out¬ 
put  signal  has  an  aging  rate  of  2xlO"H 
per  day.  The  secondary  loop  attack  time 
is  20  seconds. 

Various  alarm  conditions  indicating  loss 
of  lock  or  other  frequency  anomalies  are 
outputted  to  indicate  improper  system 
operation. 

Specifications 

The  specifications  for  the  satellite 
frequency  standard  are  as  follows: 


PARAMETER 

VALUE 

Warm-Up 

14  Minutes 

Accuracy 

tlx  10-11 

Reproducabi li ty 

3  x  10*12 

Settability 

±  1.6  x  10'13 

Long  Term  Stability 

*  1  x  10"33/3  years 

Short  Term  Stability 

1.2  x  10"9/100 
microseconds 

1  x  10-12/Sec. 

Jitter 

25  psec.  ms 

Pulse  Advance 

100  nsec  steps 

1  sec  maximum 

Auto  Sync 

±  0.5  microseconds 

Battery  Capacity 

2  Hours  at  25°C 

1  Hour  at  +55°C 
and  -30°C 

Signal  to  Noise  Ratio 

60  db 

Line  Width 

1100  Hz 

Beam  Tube  Life 

4  Years 

This  data  is  compiled  for  two  prototype 
frequency  standards  for  an  18  month  period. 

In  order  to  determine  if  any  life  limit¬ 
ing  characteristics  are  inherent  in  the  de¬ 
sign  of  the  standard,  signal-to-noise  data 
and  frequency  have  been  measured  on  a 
weekly  basis.  This  data  is  presented  in 
figures  6  and  7.  The  signal-to-noise  ratio 


which  measured  approximately  60  db  during 
the  first  month  of  operation  for  both  units 
has  fallen  off  gradually  to  a  level  of  ap¬ 
proximately  55  db  where  it  is  remaining 
constant.  This  indicates  that  the  gettering 
capacity  and  the  structural  integrity  of  the 
resonators  is  proper. 

Figure  7  shows  long  term  frequency  stabil¬ 
ity  for  both  resonators  referred  to  LORAN  C. 

A  total  excursion  of  4xl0-i*  peak-to-peak 
is  seen  around  a  fixed  offset  of  2xl0“33. 

This  data  is  well  within  the  original  design 
limits . 

Physical  Characteristics 

The  Cesium  Beam  Standard  as  packaged  in 
a  19”  rack  panel  assembly  is  shown  in  figure 
8.  Modular  construction  is  used  with  each 
assembly  being  RFI  filtered  and  independently 
replacable.  A  tabulation  for  the  various 
subassemblies  is  shown  in  the  figure.  Figure 
9  is  the  front  panel  view  of  the  laboratory 
version  of  the  standard.  The  panel  height 
is  5. 25"  and  the  weight  including  batteries 
is  60  lbs.  When  packaged  for  D.C.  operation 
the  overall  weight  is  41  lbs.  An  extremely 
ruggedized  construction  is  used  since  the 
standard  is  designed  to  operate  under  severe 
military  requirements  of  shock  and  vibration. 
The  assembly  is  completely  RFI  gasketed. 

Conclusion 

This  paper  describes  recent  developments 
in  the  manufacture  of  a  new  Cesium  Beam 
Frequency  Standard  that  has  excellent  elec¬ 
trical  and  mechanical  characteristics  and 
is  applicable  to  both  space  and  ground  based 
use.  The  design  is  radiation  hardened  and 
constructed  to  meet  severe  environmental 
requirements. 
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CESIUM  BEAM  FREQUENCY  STANDARD 
MODEL  FE-SWQA 
ENVIRONMENTAL  SPECIFICATIONS 


PARAMETER 

VALUE 

Vibration 

0.5  g2/Hi  randOB 

Temperature 

-  10°  c  to  *  65°  c 

Radiation  Effect 

1  x  10*12/io4  Rads 

Magnetic  Field 

0  to  25  oersteds 

External  Magnetic 

Field 

«  2  *  10~12/2  causs 

Reliability  10,000  Hours  MTBF 

Weight 

57  lbs.  A.C.  Operation 
♦1  lbs.  D.c.  Operation  Only 

FIGURE  1.  ENVIRONMENTAL  SPECIFICATIONS 


FIGURE  2.  RAMSEY  CURVE 


SYSTEM  POWER  SUPPLY 


FIGURE  6.  SIGNAL— TO_NOISE  RATIO 


Fi 


LIST  OF  MODULES 

DESCRIPTION 

1.  PORTO BLE  PROGRAM  CLOCK,  FES440A: 

AO  PORTABLE  PROGRAM  CLOCK,  FE-5440A 

2.  CESIUM  BEAM  RESONATOR; 

A1  CESIUM  BEAM  RESONATOR  ASSEMBLY 
A1AI  CESIUM  BEAM  TUBE 
A1A2  PREAMPLIFIER  PC  ASSEMBLY 
AiA3  "C"  FIELD  SUPPLY  PC  ASSEMBLY 
A1A4  CESIUM  OVEN  CONTROL  PC  ASSEMBLY 
P.2  NOT  USED 

3.  PRIMARY  LOOP: 

A3  PRIMARY  LOOP  MODULE 
A4  OCVCXO  MODULE,  PRIMARY,  I4.S9+  MHz 
AS  MULTIPLIER  MODULE,  TIMES  630 
A6  WAVEGUIDE  ASSEMBLY 

4.  SECONDARY  LOOP: 

A 7  SYNTHESIZER  MODULE 
AS  OCVCXO  MODULE,  SECONDARY,  5  MHz 
A9  REAL  TIME -OF -DAY  CLOCK  MODULE 
A10  GENERATOR  MODULE,  1  MHi,  3  MHz 

FIGURE  8.  ASSEMBLY,  CESIUM  BEAM  CLOCK 
INTERNAL  VIEW 


5.  SYSTEM  POWER  SUPPLIES; 

All  POWER  SUPPLY  PC  ASSEMBLY 

A12  SWITCHING  REGULATOR  MODULE.  ♦  L8  Vdc 

A13  DC/DC  CONVERTER  MODULE: 

A 14  BATTERY  CHARGER  AND  CROSSOVER  MODULE 
A1S  NOT  USED 

A16  SWITCHING  REGULATOR  MODULE,  ♦  5  Vdc 
A17  BATTERY  POWER  SUPPLY  MODULE.  ♦  28  Vdc 

6.  CESIUM  BEAM  SUPPLIES: 

A18  NOT  USED 

A19  SWITCHING  REGULATOR  MODULE,  ♦  «  Vdc 
(HOT  WIRE  SUPPLY) 

A20  NOT  USED 

A21  POWER  SUPPLY,  HIGH  VOLTAGE,  NEGATIVE, 
ELECTRON  MULTIPLIER 

A22  POWER  SUPPLY.  HIGH  VOLTAGE,  POSITIVE, 

VAC- I ON 

A23  REGULATOR  PC  ASSEMBLY,  ELECTRON  MULTIPLIER 

A24  VAC-ION  REGULATOR  AND  CESIUM  BEAM 
INTERLOCK  PC  ASSEMBLY 

7.  METERING: 

A25  AMPLIFIERS  PC  RSSEMPLV  METER  DRIVER 
A26  LOGIC  PC  ASSEMBLY,  ALARMS 
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FIGURE  9.  FRONT  VIEW,  CESIUM  BEAM  CLOCK 


NEW  CESIUM  BEAM  FREQUENCY  STANDARDS 
FOR  FLIGHT  AND  GROUND  APPLICATIONS 


T.  K.  Gregory 

Frequency  and  Time  Systems,  Inc. 
Danvers,  Massachusetts  01923 


Summary 

The  evaluation  of  the  design  of  a  cesium  fre¬ 
quency  standard  for  GPS  satellite  application  and  the 
performance  of  prototype  units  is  described.  Cesium 
frequency  standards  for  GPS  satellites  must  be  de¬ 
signed: 


spacecraft  power,  size,  and  weight;  and  tolerate  the 
radiation  environment.  Once  on  orbit,  the  environ¬ 
ment  1r  quite  benign,  and  performance  specifications 
for  the  unit  are  similar  to  those  of  a  commercial 
standard. 

System  Design 


1.  For  lightweight,  low  power  consumption  and 
small  size, 

2.  to  withstand  shock  and  vibration  from  launch, 

3.  to  operate  for  five  years  without  adjustments 
in  che  space  environment. 

The  FTS  1  cesium  beam  tube  has  been  modified  to 
meet  the  shock  and  vibration  requirements,  and  the 
success  of  the  modification  has  been  demonstrated. 

The  electrical  design  approach  is  conventional 
but  space  application  requires  new  or  more  careful 
designs  of  the  circuits  and  sub-systems.  Five  year 
life  without  adjustments  place  severe  requirements  on 
the  design  of  the  servo  system.  The  extraction  of 
the  small  fundamental  frequency  component  from  the 
beam  cube  output  is  usually  realized  with  multiple 
feed-back  operational  amplifier  "active  filter"  cir¬ 
cuits.  The  stability  of  such  circuits  with  temper¬ 
ature  and  time  depends  on  the  stability  of  associated 
components.  The  stability  of  the  component  values 
is  not  likely  to  be  adequate  for  five  years  unattended 
operation  in  space.  Hence,  for  the  space  application 
a  commutating  filter  approach  was  employed.  Unlike 
active  filters,  commutative  filters  do  not  depend  on 
component  values  for  their  characteristics  but  on  a 
digital  signal  derived  from  the  quartz  oscillator. 

To  minimize  the  effects  of  gain  degradation  in 
the  integrator  during  five  years  in  space,  a  hybrid/ 
analog  digital  integrator  Is  employed.  In  addition, 
the  digital  portion  of  the  circuit  offers  a  conven¬ 
ient  natural  interface  for  the  direct  digital  control 
of  the  quartz  oscillator  when  the  cesium  loop  is 
inactivated;  and  it  is  relatively  easy  to  change  the 
effective  time  constant  of  the  overall  integration 
circuit  by  remote  switching. 

Introduction 


The  design  of  a  cesium  beam  frequency  standard 
for  satellite  use  was  started  three  years  ago  under  a 
contract  with  the  Naval  Research  Laboratories.  The 
first  units  delivered  were  prototype  units  designed 
to  operate  in  the  NTS  2  Spacecraft  .  At  present,  two 
cesium  units  are  Installed  in  the  satellite  ready  for 
launch.  Meanwhile,  a  second  generation  of  standards 
designed  to  meet  the  requirements  of  the  Navstar-GPS 
Program  have  been  fabricated.  Both  the  prototype  and 
EDM  units,  unlike  laboratory  cesium  standards,  must 
survive  a  severe  launch  environment;  operate  unattended 
for  many  years;  consume  minimum  amount  of  the  available 


The  block  diagram  shown  in  Figure  1  is  generally 
similar  to  approaches  previously  used  in  commercial 
units.  The  system  differs  mainly  in  the  approach  used 
to  implement  certain  blocks. 

The  10.23  MHz  output  is  derived  from  a  5.115  MHz 
crystal  oscillator  which  is  servo  controlled  by  com¬ 
parison  of  a  multiplied  and  synthesized  signal  from 
the  oscillator  to  the  cesium  hyperflne  transition. 

The  regulation  is  accomplished  by  modulating  the  9  GHz 
signal  with  an  audio  signal  (f  )  and  phase  detecting 
any  signal  at  f  in  the  beam  tube  output. 

IB 

Servo  System 

The  servo  amplifies  and  filters  the  modulated 
output  of  the  beam  tube.  The  filtered  signal  is  phase 
detected,  and  the  D.C.  output  integrated  to  generate 
the  correction  signal.  In  the  present  system,  the 
usual  analog  filters  and  phase  detectors  have  been 
replaced  by  digital  sampling  techniques.  The  amplified 
beam  tube  output  is  sampled  at  twice  the  modulation 
frequency.  The  resulting  square  wave  output  is  phase 
detected  at  the  modulation  frequency  by  a  baseline 
restorer  (Figure  2).  The  main  advantage  of  this  dig¬ 
ital  approach  is  improved  servo  stability.  The  whole 
servo  system  is  clocked  and  does  not  depend  on  analog 
time  constants  for  its  accuracy.  In  addition,  no 
tuning  of  the  system  is  required  to  achieve  optimum 
performance.  The  D.C.  error  signal  generated  is  then 
integrated  to  provide  the  oscillator  control  signal. 

The  integration  is  performed  by  the  hybrid  circuit 
shown  in  Figure  3.  The  hybrid  integrator  consists  of 
an  analog  Integrator  which,  through  upper  and  lower 
limit  comparators,  drives  an  up/down  counter.  The 
output  of  the  counter  feeds  a  R-2R  ladder  network 
through  relay  contacts.  Besides  acting  as  low  offset 
switches,  the  relays  also  provide  lamunlty  to 
transient  by  providing  magnetic  storage  of  the  oscil¬ 
lator  control  voltage. 

There  are  several  unique  advantages  for  this  type 
of  circuit.  The  time  constant  of  the  total  integrator 
is  the  time  constant  of  the  analog  integrator  times 
the  total  count  of  the  digital  register.  Since  the 
current  system  consists  of  a  10  bit  digital  counter 
and  R-2R  network,  the  integrator  time  constant  is: 

THI  *  XAI  *  1024  ’  1024  '  R  '  C 

For  a  particular  total  integrator  time  constant,  the 
RC  time  constant  can  be  1/1024  of  the  value  for  a 
conventional  analog  integrator.  Since  the  D.C.  gain 
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of  the  servo  system  is  limited  by  leakage  resistances 
in  the  integrator,  the  ability  to  keep  R  small  main¬ 
tains  high  gain. 

The  D.C.  gain  of  the  GPS  system  must  be  consid¬ 
ered  in  two  error  regions.  For  errors  so  small  that 
neither  limit  will  trip,  the  gain  is  controlled  by 
the  leakage  resistance  of  the  integrator.  For  errors 
greater  than  this  value,  the  limits  will  trip,  and 
the  gain  is  infinite  until  the  error  is  decreased  to 
below  the  limit  threshold  level.  If  we  assume  an  ^ 
integrator  gain  of  1CT  and  a  system  gain  of  1  x  10 
Af/f/MV,  than  an  error  of  1  x  10-12  Af/f  uui  produce 
10  volts  at  the  output  of  the  analog  integrator.  For 
errors  greater  than  1  x  10“^  Af/fj  the  gain  is  in¬ 
finite;  below  this  error,  the  gain  is  10  and  the 
final  system  offset  will  be  a  maximum  of  1  x  10"^ 

Af/f. 


powering  both  the  beam  tube  as  well  as  the  electronics. 
Three  of  the  output  voltages  are  regulated.  The 
temperature  of  the  cesium  oven  is  controlled  by  a 
switching  regulator  using  a  thermistor  as  feedback. 

The  +15  VDC  is  generated  by  a  series  pass  regulator. 

The  2000  VDC  electron  multiplier  supply  uses  an  A.C. 
regulator  to  attenuate  modulation  related  frequencies. 

The  entire  power  supply  system  runs  on  a  clock 
whose  frequency  is  adjusted  to  keep  switching  ripple 
away  from  the  Zeeman  frequency. 

System  Performance 

The  performance  of  the  system  must  be  discussed 
In  two  categories;  (1)  survivability  of  the  unit  to 
the  launch  environment,  and  (2)  operational  perform¬ 
ance  of  the  unit  in  the  on-orbit  environment. 


Another  advantage  of  our  system  is  the  ability 
to  load  the  counting  register  with  telemetry  informa¬ 
tion  to  control  the  oscillator  frequency  when  the 
cesium  loop  is  not  in  use. 

In  the  standard  designed  for  GPS,  the  integrator 
has  a  30  second  time  constant  and  the  analog  inte- 
rator  .03  second  time  constant.  The  gain  of  the 
entire  loop  is  approximately  .1,  so  that,  the  loop  is 
about  3  seconds.  The  choice  of  the  loop  time  constant 
was  controlled  by  Che  radiation  environment.  Under 
normal  circumstances,  the  satellite  environment  is 
very  benign,  indicating  that  time  constants  of  hun¬ 
dreds  of  seconds  might  be  used.  However,  under 
transients,  quick  recovery  to  lock  is  required, 
thus,  a  short  time  constant  was  chosen. 

C-Fleld  Supply 

The  C-Field  current  supply  consists  of  a  relay 
register  similar  to  that  used  in  the  integrator,  a 
stable  voltage  reference,  a  10  bit  2-R2  resistor  net¬ 
work  and  an  output  amplifier.  The  stability  of  the 
C-Field  current  is  critical  to  the  long  term  stability 
of  the  cesium  standard.  Errors  can  be  caused  by 
reference  drift,  resistor  network  changes  and  offsets 
in  the  amplifier.  Tests  on  several  units  over  the 
temperature  range  of  -10°C  to  +50°C  have  shown  current 
changes  which  result  in  frequency  errors  of  3  x  10-15/ 
°C.  The  C-Field  can  be  adjusted  through  telemetry 
commands  to  4  x  10-*3  Af/f.  As  in  the  integrator, 
relays  are  used  to  act  as  a  memory,  should  a  transient 
occur. 

Power  Supply 

Th<f  power  supply  system  shown  in  Figure  A  consists 
of  a  doubly  regulated  preregulator,  2  Inverters,  and 
several  output  regulators.  An  L-C  filter  on  the  input 
has  a  200  hertz  cutoff  and  attenuates  high  frequency 
input  and  limits  the  supply  ripple  reflected  back  on 
the  power  bus. 

The  first  stage  of  the  preregulator  boosts  the 
input  voltage  (22V- 30 V)  to  32V  using  a  switching 
boost  regulator.  The  second  stage  Is  a  series  pass 
regulator  which  produces  a  well  regulated  31  VDC. 
Measurements  on  the  line  regulation  of  the  preregu¬ 
lator  show  a  minimum  ripple  attentuation  of  100  db  for 
frequencies  from  30  hz  to  S  KHz. 

The  regulated  31  volts  Is  fed  to  two  Inverters 
which  produce  a  series  of  output  voltages  uaed  for 


Survivability 

Difficulty  in  achieving  survivability  is  most 
notably  caused  by  the  expected  random  vibration  during 
vehicle  launch.  Figure  5  shows  qualification  and 
acceptance  levels  of  random  vibration  for  GPS  satellite 
units.  The  sub-assemblies  most  affected  by  these 
vibration  levels  are  the  beam  tube  and  the  oscillator. 
Both  of  these  devices  have  passed  qualification  and 
have  been  discussed  previously2-3.  The  major  effort 
of  the  mechanical  implementation  of  the  standard  has 
been  the  design  of  a  small  lightweight  chassis  of 
mounting  the  tube  and  oscillator  without  exhibiting 
destructive  chassis  resonances.  The  chassis  shown  in 
Figure  6  has  been  shaken  to  qualification  level  and 
its  resonances  examined.  While  many  resonances  exist, 
they  all  exhibit  Q's  of  three  or  less  at  the  beam  tube 
and  fifteen  or  less  at  the  oscillator.  Tubes  and 
oscillators  have  been  successfully  tested  in  the 
chassis. 

The  electronics  for  the  standard  do  not  present 
a  major  vibration  problem  as  the  techniques  of  com¬ 
ponent  and  board  mounting  for  vibratory  environments 
is  well  known.  The  majority  of  the  electronics  are 
contained  on  four  printed  circuit  boards.  Three  of 
the  boards;  the  servo  board,  the  14.36  MHz  synthesizer 
board,  and  the  dac  board  (C-field,  hybrid  integrator, 
modulation  generation)  are  contained  on  one  side  of 
the  standard.  The  power  supply  is  on  a  single  board 
mounted  on  the  other  side  of  the  standard. 

Operational  Performance 

As  was  pointed  out  earlier,  the  satellite  operat¬ 
ing  environment  for  the  Cs  standards  is  quite  benign. 
The  temperature  should  be  held  within  a  few  degrees 
centigrade.  There  will  be  no  appreciable  vibration, 
and  variations  in  magnetic  field  will  remain  within 
hundreds  of  milligauss.  Under  these  circumstances, 
the  standard  should  perform  as  well  as  it  does  in  a 
laboratory  environment.  The  phase  noise  specification 
for  the  GPS  Program  is  shown  in  Figure  7  along  with  a 
typical  phase  spectrum  from  the  satellite  units.  The 
phase  noise  close  t&  the  carrier  is  higher  than  that 
of  the  oscillator  because  the  loop  time  constant  is 
short,  thus  allowing  some  beam  tube  degradation  of  the 
oscillator  spectrum. 

The  stability  of  the  unit  is  shown  In  Figure  6. 

The  very  long  term  stability  of  the  unit  has  not  been 
measured  yet,  but  based  on  previous  prototype  data.  It 
should  be  below  2  x  lO-1^  for  times  greater  than  10* 


seconds.  The  power  consumed  by  ^.Ke  unit  is  under 
25  watts,  and  the  weight  under  25  lbs. 
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SUMMARY 

Frequency  drift  of  the  order  of  several  parts  in 
1013  per  year  is  often  observed  in  commercial  cesium 
beam  frequency  standards,  and  on  some  occasions  signi¬ 
ficant  changes  in  the  white  noise  frequency  modulation 
level  is  also  observed.  Recently  at  the  National  Bureau 
of  Standards  some  standards  with  these  types  of  problems 
have  been  analyzed  and  their  velocity  distributions 
measured.  A  comparison  of  the  changes  in  drift  and 
noise  performance  with  measurements  of  the  velocity 
distribution  leads  to  some  interesting  interpretations: 

Changes  in  focusing  voltage  at  or  in  the  vicinity 
of  the  detector  may  cause  the  finite  surface  area  of  the 
detector  to  act  like  a  velocity  selector?  i.e.,  the 
detection  efficiency  of  cesium  atoms  mapped  across  the 
surface  of  the  detector  changes  with  time  as  a  result  of 
changing  electric  fields  which  focus  the  cesium  ion- 
beam.  Changes  in  the  microwave  power  cause  changes  in 
the  most  probable  cesium  atom  velocity,  which  transduce 
via  the  Ramsey  cavity  phase  shift  into  frequency  changes. 

The  magnitude  of  the  cavity  phase  shifts  in  a 
cavity  was  inferred  by  reversing  the  current  through  the 
C-field  inducing  mixing  of  the  mp  states 

I.  INTRODUCTION 

A  basic  limitation  in  keeping  accurate  time  with  a 
cesium  beam  atomic  clock  results  from  its  lon^-term 
frequency  instabilities.  It  is  the  purpose  of  this  work 
to  investigate  in  a  non-destructive  way  some  of  the 
causes  of  these  instabilities  and,  in  some  cases,  pro¬ 
pose  some  possible  improvements. 

II.  BACKGROUND 

There  are  several  possible  causes  of  frequency  in¬ 
stabilities  and  drifts  in  cesium  beam  frequency  stan¬ 
dards.  Specifically  some  of  these  are:  microwave  spec¬ 
trum  impurities  and  afymmetry?  distortion  of  the  mod¬ 
ulation  frequency?  excess  noise  at  the  modulation 
frequency;  ac  and  dc  instabilities  in  the  servo  demodu¬ 
lator  circuitry?  servo  loop  gain  degradation?  frequency 
drift  in  the  quartz  crystal  oscillator  locked  to  the 
cesium  resonance  causing  frequency  drift  in  the  cesium 
standard's  output  due  to  too  low  a  loop  gain;  drift  and 


instabilities  in  the  magnetic  field  in  the  C-field  drift 
region;  gradual  changes  in  the  cesium  beam  optics;  pull¬ 
ing  by  neighboring  field  dependent  lines;  etc.  Basic¬ 
ally,  the  performance  of  the  electronics  is  dependent  on 
the  beam  tube's  characteristics. 

It  has  been  shown  that  one  of  the  main  limitations 
to  the  accuracy  of  a  cesijm  beam  primary  frequency 
standard  is  the  cavity  phase  shift  associated  with  the 
Ramsey  microwave  excitation  region  as  seen  by  the 
cesium  beam  [1,2].  At  this  point  we  will  develop  a 
model  which  indicates  that  this  is  also  one  of  the  main 
limitations  to  the  long-term  stability  in  cesium  beam 
frequency  standards.  From  Ramsey  [3]  we  have  the  tran¬ 
sition  probability  near  the  Ramsey  resonance  for  cesium 
atoms  with  a  velocity,  v,  as  follows: 

P  =  sin2  2bnr  cos2  1/2  (w  -  u>  -  4>/T)T,  (1) 

p,q  O 

where  b  is  proportional  to  the  square-root  of  the  micro- 
wave  power  in  the  cavity,  t  is  the  time  the  atoms  spend 
in  each  end  of  the  Ramsey  cavity,  u)Q  is  the  natural 
resonance  frequency  of  the  cesium  atoms,  u  is  the  micro- 
wave  interrogation  frequency,  <J>  is  the  cavity  phase 
shift  between  the  cavity  ends,  and  T  is  the  flight  time 
of  the  cesium  atoms  between  the  cavity  ends  (of  course  v 
=»  L/T  where  L  is  the  distance  between  the  cavity  ends)  . 
Now  from  eq.  (1)  it  is  clear  that  the  center  of  the 
resonance  will  be  shifted  from  u)q  by  an  amount  $/T 
causing  a  frequency  shift  in  the  standard  of  that  amount 
due  to  the  cavity  phase  shift.  In  most  commercial 
cesium  tubes,  the  "average"  T  is  of  the  order  of  1  ms, 
so  in  order  to  have  a  frequency  shift  of  less  than  1 
part  in  10*2  requires  0  to  be  less  than  60  microradians 
or  a  synchronization  of  the  microwave  fields  at  the 

cavity  ends  to  less  than  about  1  femto  second  (10  ^  s). 

2 

Furthermore,  the  amount  of  microwave  power  («  b  )  present 
in  the  cavity  determines  the  most  probable  velocity  of 
atoms  to  undergo  a  transition;  hence,  for  typical  non¬ 
zero  kinds  of  cavity  phase  shifts  encountered,  the 
resulting  frequency  shift  may  be  highly  dependent  on  the 
microwave  power. 

A  further  complication  arises  because  of  geometrical 
imperfections  and  finite  conductivity  associated  with  the 
ends  of  the  Ramsey  cavity.  This  causes  the  cavity  phase 
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shift  not  to  be  single  valued  for  a  given  cavity  but  to 
have  a  value  dependent  upon  where  the  cesium  beam  trans- 
verses  the  cavity  opening.  In  other  words,  the  phase 
shift,  (j,  ,  is  a  function  of  the  coordinates  across  the 
cavity  opening,  which  has  been  called  the  ''distributed 
cavity  phase  shift"  effect  (4,5].  The  distributed 
cavity  phase  variations  may  be  of  the  same  order  as  the 
basic  phase  difference.  Frequency  shifts  result  which 
are  a  function  of  the  beam  trajectory  location  which 
itself  depends  on  other  parameters,  such  as  microwave 


In  practice,  of  course,  there  is  a  velocity  distri¬ 
bution,  p  (v) ,  which  convolves  with  the  transition 
probability  to  give  the  typical  kinds  of  Ramsey  spectra 
observed.  Knowing  the  velocity  distribution  and  changes 
in  it  may  lead  to  insights  into  beam  trajectories, 
trajectory  changes  and  effects  these  changes  might  have 
on  the  performance  of  a  cesium  clock. 

III.  EXPERIMENTAL  RESULTS 

A.  Analysis  of  an  older  commercial  cesium  beam  standard 
with  significant  frequency  drift 

Figure  1  shows  measured  frequency  changes  of  a 
particular  commercial  cesium  standard  over  more  than  900 
days  (6] .  One  notes  a  positive  frequency  drift  over  the 

first  100+  days  and  then  a  negative  drift  of  about  -2  x 
-12 

10  /year  over  the  remainder  of  the  data.  One  notes 
also  a  significant  increase  in  the  white  noise  FM  level 
toward  the  end  of  the  plot  in  Figure  1.  For  a  white 
noise  FM  process  the  spectral  density  is  given  by  Sy(f) 

*  hQ  where  y  is  the  fractional  frequency,  f  is  the 
Fourier  frequency,  and  hQ  is  the  noise  level.  In  this 


case  one  may  write  0^(t) 


f  h  /2  ,  where  T  is  the 

'  o 


sample  time  in  seconds  for  the  two-sample  sigma.  The 


values  of 
to  8  x  10 


,fF. 


went  from  1.2  x  10 


to  2.6  x  10 


to  8  x  10  for  1975,  mid-1976  and  for  11  November 
1976,  respectively.  The  velocity  distribution  of  this 
particular  cesium  tube  was  measured  6  December  1976  and 
is  shown  in  Figure  2  as  curve  a.  A  modification  was 
made  per  the  manuf acturer ' s  recoomendat ion  to  the 
circuit  associated  with  the  cesium  detector.  The  velocity 
distribution  was  again  measured  on  14  December  1976  as 
is  plotted  as  curve  b  in  Figure  2.  Note  that  the  maximum 
velocity  moved  higher  by  about  10  m/s.  Appropriately 
compensating  for  the  magnetic  field  correction  and 
measuring  the  frequency  before  and  after  the  modification 

showed  a  frequency  increase  of  2.8  x  lo“l*  and  Wh  /2 

-12  ’ 
went  to  7  x  10  (an  order  of  magnitude  Improvement) . 

The  drift  was  measured  over  about  a  month  and  was 


observed  to  be  back  positive  at  about  the  rate  of  +8  x 
10  ^ Vyear .  One  will  note  that  the  frequency  also  returned 
to  about  its  same  value  as  at  the  beginning  of  the  life 
of  the  tube. 

The  low  velocity  secondary  hump  seen  in  curve  b  of 
Figure  2  is  also  characteristic  of  this  type  of  tube  at 
the  beginning  of  its  life  15) .  It  seems  probable  in 
this  case  that  gradual  changes  in  the  characteristics  of 
the  detector  (the  only  parameter  changed  in  the  modi¬ 
fication)  cause  a  preferrential  detection  of  different 
velocities  of  atoms,  which  in  turn  may  cause  a  frequency 
drift  via  the  cavity  phase  shift.  We  cannot  offer  a 
more  detailed  explanation  of  the  actual  physical  changes 
(probably  in  the  detector)  beyond  these  phenomenological 
statements.  Much  more  work  in  this  area  is  required. 

B.  Analysis  of  a  new  standard 

Figure  3  is  a  plot  of  the  average  daily  frequency 
of  the  first  2  months  of  the  life  of  a  new  cesium 
standard.  It  appears  to  be  drifting  positively  at  a 
rate  of  about  1  x  10  12/year.  Following  this  data  a 
velocity  distribution, p  (v) ,  was  taken  on  17  March  1977 
and  is  shown  in  Figure  4.  From  the p  (v)  curve,  one  can 
generate  (7)  ••  the  corresponding  Ramsey  spectrum  as 
shown  in  Figure  5;  the  beam  current  intensity,  IB>  at 
the  detector  as  a  function  of  microwave  power  as  shown 
in  Figure  6  (curve  g^) ,  for  which  the  frequency  shift  is: 


where  v^  is  an  appropriate  average  velocity. 


The  typical  operating  point  for  the  microwave  power 
is  with  Ig  set  to  a  maximum,  called  "optimum  power". 
Clearly,  at  this  point  the  v^  curve  has  a  significant 
non-zero  slope;  i.e.  if  the  microwave  power  changes, 
then  Vp  will  change,  and  if  there  is  a  cavity  phase 
difference  or  a  distributed  cavity  phase  shift  then  the 
frequency  will  change. 


This  particular  standard  has  a  temperature  co¬ 
efficient  of  about  -1  x  10  13/*C  in  an  operating  environ¬ 
ment  of  20" C  to  30*C.  It  was  believed  that  a  main  cause 
of  this  was  due  to  microwave  power  changes  as  a  function 
of  temperature;  i.e.,  one  could  see  a  noticeable  change 
in  the  beam  current  monitor  voltage  as  a  function  of 
temperature  as  shown  in  Figure  7.  A  similar  temperature 
coefficient  was  obtained  by  applying  localised  heating 
at  the  harmonic  generator  which  generates  the  microwave 


signal.  No  attempt  was  made  to  apply  localized  heating 
at  the  frequency  multiplier  which  starts  at  5  MHz. 

Now,  m  the  case  of  a  mono  velocity  beam  with  the 
appropriate  (optimum)  microwave  power  this  velocity  is 
the  same  as  v  .  Prom  Eq.  (1),  one  calculates  that  the 
offset  frequency  of  the  first  side  lobe  is  simply: 

ui  -  u  ■  z*  •  <3) 

This  equation  will  be  somewhat  modified  when  Eq.  (1)  is 
convolved  with  a  velocity  distribution,  but  we  can  veri¬ 
fy  that  the  offset  frequency  of  the  side  lobe  is  strongly 
and  nearly  linearly  dependent  on  v^  over  the  power  range 
of  interest.  Also,  this  dependence  is,  by  far,  the  pre¬ 
dominate  determinant  of  the  frequency  separation  of  the 
side  lobe  from  the  main  peak.  Since  v^  depends  on 
microwave  power,  so  will  v  .  Figure  8  is  a  plot  of  the 
frequency  dependence  of  the  first  upper  Ramsey  side  lobe 
as  a  function  of  temperature  as  measured  at  the  har¬ 
monic  generator. 

Using  the  v^  curve  in  Figure  6  allows  one  to  esti¬ 
mate  the  change  in  microwave  power  per  degree  assuming 
Eq.  (2)  is  nominally  valid.  Doing  so  indicates  that  in 
this  particular  standard  the  microwave  power  changes 
about  -0.1  dB/°C. 

The  fractional  frequency  shift  of  the  cesium  tube 
(main  frequency  peak)  is  given  as  a  function  of  ^  and  v 
in  Eq.  (2).  If  the  cavity  phase  shift  ^  is  of  the  order 
of  t  .  1  m  rad  (1,2),  then  for  a  tube  with  L 

17  cm  a  velocity  change  of  1  m/s  (about  1%)  causes 
-14 

'v  /v  -  io  .  From  Figure  6,  1  m/s  change  is  caused 

B 

by  a  power  change  of  approximately  P  =  .6  dB  at 

optimum  power.  In  other  words,  flicker  noise  of  the 

microwave  power  in  the  amount  of  .6  dB  would  limit  the 

-14 

standards*  performance  to  a  flicker  floor  of  10 

Furthermore,  smaller  values  of  L  (shorter  tubes)  would 

lead  to  worse  performance  according  to  Eq.  (2),  as  well 

as  steeper  slopes  of  the  v  (b)  curve  (Fig.  5),  for 

constant  *  and  v  .  A  steeper  v  (b)  curve  is  related  to 
P  P 

broader  velocity  distribution  (v)  and  a  narrow  velocity 
iistribution  results  in  relatively  smalior  dependence  of 
mi  b  (at  optimum  power). 

1  rom  many  tubes  bear  out  this  assertion;  i.c., 
tf.<-  snorter  the  tube  and  the  broader  .  fv),  the  worse  the 
fli.-k-r  floor  if.  (  )  !'•  i  .  Therefore,  with  convon- 

•lor.aj  tube  des.q.,  t long-term  stability  can  b<- 
fundamentally  improv*-:  by  going  t.o  relatively  long  tubi  :• 
an  1  narrow  v  lority  distributions  while-  keeping  the 


*’ scale "  factor,  (cavity  phase  difference  and  distributed 
cavity  phase  shift)  as  small  as  possible  via  careful 
fabrication  and  the  use  of  small  beam  openings  in  the 
cavity. 

Other  mechanisms  which  can  transduce  microwave 
power  changes  to  frequency  shifts  include  pulling  by 
neighboring  field  dependent  lines  and  microwave  im¬ 
purities  or  assymetry.  We  report  on  a  net  effect; 
studies  of  other  mechanisms  are  under  way. 

Based  on  the  measurements  reported  here,  a  novel 

power  control  could  be  built  by  constructing  a  servo  to 

keep  the  first  Ramsey  side  lobe  at  a  constant  frequency 

offset  by  controlling  the  microwave  power.  This  may 

significantly  improve  the  long-term  stability  of  such  a 

cesium  clock.  For  a  stability  performance  equivalent  to 

10  v  must  be  controlled  to  about  0.01%;  this  may  be 
P 

accomplished  by  sensing  and  maintaining  the  frequency 
separation  of  the  side  lobe  from  the  main  peak  to  the 
same  precision;  This  means  to  about  0.01  Hz  or  1  x  10 
This  is  quite  feasible  and  would  lead  to  response  time 
of  such  a  servo  of  about  10s. 

We  reversed  the  magnetic  field  of  a  commeicial 
cesium  beam  tune  whicn  resulted  in  a  frequency  shift  of 
the  order  of  1  x  io'11.  It  is  unlikely  that  this  effect 

is  attributable  to  a  discrepancy  between  H2  (measured) 

2 

and  H  (seen  by  the  atoms) . 

Consider,  however,  the  following  condition  present 
in  most  commercial  tubes  (see  Figure  9) : 

(A)  The  region  between  the  sta“<?  selecting  mag¬ 
net  and  the  shielded  C-field  region  is 
characterized  by  a  rapid  change  in  magnetic 
field  strength  of  over  five  orders  of  magni¬ 
tude.  Magnetic  trinmers  are  installed  to 
assure  a  smooth  transition  without  abrupt 
changes  and  reversal  of  magnetic  field  components 
This  condition  is  optimized  for  the  given 
magnetic  shielding  and  C-field  conditions. 
Reversal  of  the  C-field  leads  to  a  destruction 

of  this  condition  and  thus  to  mixing  of  the 
m^-states  via  Majorana  transitions. 

(B)  All  presently  used  cavity  structures  in 
cesium  beam  tubes  not  only  have  a  small  cavity 
phase  difference  between  the  two  interroga¬ 
tion  regions  of  the  Ramsey  cavity,  but  also 

a  variation  of  the  phase  across  the  beam 
opening  in  the  cavity.  This  Latter  effect, 
the  distributed  cavity  phase  shift,  causes 
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a  frequency  shift  which  depends  on  the  loca¬ 
tion  of  the  atomic  trajectories  with  respect 
to  the  beam  tube  axis  [6, 7] .  The  magnitude 
of  this  effect,  which  limits  the  accuracy  of 
primary  standards,  was  determined  to  be  as 
large  as  several  parts  in  1013  for  NBS-6  [2] 
and  is  estimated  to  be  of  the  order  of  10" *2 
to  10  for  commercial  tubes. 

From  (A)  and  (B)  above,  we  construct  the  following 
explanation  for  the  frequency  shift  under  c-field 
reversal:  in  the  original  C-field  direction,  negligible 
state-mixing  takes  place  and  the  interrogated  trajector¬ 
ies  of  the  c-field  region  are  those  of  the  originally 
selected  m^  =  0  state.  In  the  reversed  field  configura¬ 
tion,  mixing  produces  some  ny  =  o  states  in  all  tra¬ 
jectories.  Since  the  ny  states  have  different  [fig.  9) 
magnetic  moments,  the  trajectories  are  different, leading 
via  the  distributed  cavity  phase  shift  and  a  possible 
change  in  the  effective  velocity  distribution  to  a 
frequency  change. 

To  summarize,  because  of  the  presence  of  the 
(distributed)  cavity  phase  shift,  the  frequency  of  the 
cesium  beam  tube  depends  on  the  degree  of  mixing  of 
states  in  the  region  between  state  selector  and  C-field 
and  is  bounded  by  the  magnitude  of  the  distributed 
cavity  phase  shift.  In  order  to  avoid  additional 
uncertainties  in  the  evaluation  of  primary  standards  via 
beam  reversal,  the  degree  of  m^  state  mixing  must  be 
made  identical  for  both  transition  regions  on  either 
side  of  the  C-field  region.  This  can  be  done  by  the 
techniques  used  in  NBS-6  and  many  commercial  tubes,  i.e. 
by  the  use  of  trimners,  or  by  assuring  complete  mixing 
via  properly  designed  magnetic  field  discontinuities  in 
the  transition  region  or  via  use  of  low  frequency  fields 
coupling  the  mF-states.  The  former  approach  is  sensi¬ 
tive  to  exter  cl  fields;  it  also  leads  to  a  "correct" 
C-field  polarity  versus  a  "wrong"  one  [91.  Both  approach¬ 
es  warrant  further  investigation  to  determine  their  full 
impact . 

IV.  CONCLUSIONS 

It  now  seems  clear  that  significant  improvements 
are  still  possible  in  cesium  beam  frequency  standards. 

The  microwave  cavity  phase  shift  appears  to  be  the 
transducer  of  many  of  the  inaccuracies  and  long-term 
instabilities  in  such  a  standard.  One  needs  to  either 
reduce  that  shift  or  provide  better  control  of  those 
elements  which  transduce  via  this  shift  to  cause  in¬ 
accuracies  and  long-term  instabilities.  As  an  example  a 


method  is  proposed  in  this  paper  of  improving  the 
control  of  the  microwave  power  by  one  or  two  orders  of 
magnitude  which  may  yield  parts  in  101,5  stability. 

Better  cesium  atom  detectors,  which  are  not  cross 
section  dependent  with  changes  in  the  associated  para¬ 
meters,  could  significantly  improve  the  long-term 
performance. 

Magnetic  field  related  frequency  shifts  can  occur 
not  only  via  changes  in  the  C-field  but  via  m^-state 
mixing  between  state  selector  and  C-field.  However,  a 
minor  redesign  could  control  this  effect. 
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FIGURE  1  A  plot  of  the  relative  frequency  of  a  commercial  cesium  beam 

frequency  standard  with  respect  to  the  USNO  frequency  reference. 

The  frequencies  are  one  day  averages  and  the  plot  is  of  about 
900  days  starting  about  the  beginning  of  1974.  (Taken  from  ref.  (4]) 
USNO  C*  BEAM  VELOCITY  DISTRIBUTION 
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FIGURE  2  Curve  a  is  a  plot  of  the  velocity  distribution  of  the  commercial 
cesium  beam  frequency  standard.  This  distribution  was  measured 
(6  Dec.  76)  after  the  data  were  taken  at  USNO  (plotted  in  Fig.  1) 
and  before  modifying  the  detector.  Curve  b  is  a  velocity  dis¬ 
tribution  measured  (14  Dec.  76)  after  the  manufacturer's 
recommended  modification  to  the  cesium  detection  system. 
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FIGURE  1  A  plot  of  the  frequency  of  a  newly  received  commercial  cesium 

beam  frequency  standard  relative  to  an  NBS  frequency  reference. 
Each  point  is  a  one  day  average,  starting  5  Jc.n.  197“*. 


659 


FIGURE  4  A  velocity  distribution  measured  <15  Mar  77) 
on  the  standard  of  Fig.  3. 


FIGURE  7.  A  plot  of  the  changes  in 

the  residual  time  error  and 

in  the  monitor  voltage  of 

the  beam  detector  current 

as  a  function  of  the  envir-  FIGURE  8 

ronmental  temperature  for 

the  same  commercial  cesium 

beam  frequency  standard  of 

Figures  3  and  A. 
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A  plot  of  the  dependence  of  the  temperature  at  the  harmonic 
generator  (microwave  source  for  the  Ramsey  cavity) ,  of  the 
monitor  voltage  of  the  beam  detector  current,  and  of  the 
frequency  of  the  upper  first  side  lobe  of  the  Ramsey  spectrum 
as  a  function  of  environmental  temperature  of  the  same 
commercial  cesium  beam  frequency  standard  of  Figures  3  and  4. 
The  environmental  temperature  was  moved  from  about  23®C  to 
about  27 . 5°C  and  left  at  the  latter  temperature  for  the  last 
several  hours  of  the  experiment.  The  large  dependence  of  the 
frequency  of  the  Ramsey  side  lobe  is  obvious  and  was  simple 
to  measure;  i.e.,  a  frequency  measurement  was  made  every  hour 
with  an  averaging  time  of  11  seconds. 


1st  STATE  2m)  STATE 

SELECTOR  SELECTOR 

FIGURE  9  Frequency  shifts  due  to  distributed  cavity  phase  shifts,  6(x,y) 
and  5' (x,y)  in  conjunction  with  m-state  mixing. 

D  depicts  an  assumed  magnetic  field  discontinuity  causing  more 
or  less  complete  mixing  of  the  m-states. 

For  illustration  purposes,  only  one  of  several  possible  beam 
optics  configurations  is  depicted. 


Ml 


RESULTS  WITH  THE  SPECIAL-PURPOSE  AMMONIA  FREQUENCY  STANDARD' 


David  J.  Wineland,  David  A.  Howef  and  Michael  B.  Mohler 
Frequency  and  Time  Standards  Section 
National  Bureau  of  Standards 
Boulder,  CO  80302 
(303)  499-1000,  extension  3224 


SUMMARY 

A  special-purpose  frequency  standard  and  clock  has 
been  developed,  featuring  a  novel  combination  of  stabil¬ 
ity  and  accuracy  performance,  shock  and  temperature 
insensitivity,  instant  turn-on  characteristics,  and  the 
potential  for  low  weight,  l°w  power  consumption  and 
fabrication  costs.  This  device  should  be  able  to  fill 
a  metrology  need  not  satisfied  by  presently  available 
atomic  and  quartz-crystal  standards. 

The  device  is  based  on  the  well-known  3-3  transi¬ 
tion  in  ammonia  (*t  23  GHz),  which  provides  the  fre¬ 
quency  reference  for  a  ^  0.5  GHz  oscillator.  This 
oscillator  is  a  novel  stripline  transistor  oscillator 
of  high  spectral  purity.  Its  output  is  multiplied  in 
one  step  to  K-band  and  the  resulting  output  is  passed 
through  a  waveguide  cell  containing  ammonia.  The 
detected  absorption  feature  is  used  to  frequency  lock 
the  0.5  GHz  oscillator  to  line  center.  To  accomplish 
this,  the  oscillator  is  frequency  modulated  at  10  kHz 
and  is  locked  by  nulling  the  third  harmonic  of  the 
detected  output.  This  technique  discriminates  to  a 
high  degree  the  effects  of  "background  slope"  pulling. 

In  addition,  pulling  from  the  microwave  cavity  absorp¬ 
tion  cell  is  diminished  by  locking  the  cavity  to  the 
ammonia  transition  by  nulling  the  fifth  harmonic  of  the 
detected  output.  A  fixed  output  frequency  between  5 
and  10  MHz  is  provided  by  direct  division  from  0.5  GHz. 

The  observed  stability  is  2  x  10  10  from  10  to 
6000  sec.,  and  reproducibility  is  estimated  to  be 

_  Q 

*  2  x  10  .  The  rather  broad  linewidtn  of  ammonia 

(-100  kHz  due  to  Doppler  broadening)  reduces  overall  reso¬ 
lution  but  allows  a  short  0.15  ms)  servo  attack 
time,  thus  reducing  the  acceleration  sensitivity  of  the 
primary  0.5  GHz  oscillator.  In  this  respect  ih*. 
ammonia  absorption  device  may  have  a  unique  advantage. 
Linewidths  of  most  other  precision  oscillator*,  iro 
considerably  narrower,  resulting  in  longer  attack  times 
needed  to  lock  the  primary  (vibration  sensitive)  o  -di¬ 
lator  to  the  (vibration  insensitive;  frequency  refer¬ 
ence.  Vibration  sensitivities  as  snail  as  10  A  r.Vm 

•This  research  was  supported  by  the  Advanced  Research 
Project  Agency  of  the  Department  of  Defense  and  war- 
monitored  by  ARP"  under  Contras*  #311?. 

562 


(10  /g)  appear  feasible.  Servo  offset  problems  have 

been  substantially  reduced  by  using  digital  demodulators 
in  the  feedback  networks.  Working  at  pressures  where 
collision  broadening  contributes  to  the  linewidth  allows 

one  to  easily  null  out  pressure  shifts;  shifts  smaller 
-  9  -  10 

than  3.8  x  10  ./Pa  (5  x  10  /Urn)  have  been  observed. 
Power  consumption  should  be  <  3  W  and  expected  size  of 
a  working  device  103  cm3.  With  further  development, 
improvements  in  performance  can  be  expected. 

I.  INTRODUCTION 

The  special-purpose  ammonia  frequency  standard  has 
been  developed  because  of  the  need  for  an  oscillator 
satisfying  specific  requirements  not  found  in  other 
precision  oscillators.  The  design  and  goals  of  the 
present  project  have  been  discussed  elsewhere  [1]; 

briefly  we  seek  an  oscillator  with  accuracy  (i.e.,  long- 

-9 

term  reproducibility)  in  the  10  range  and  stability  in 
the  10  range.  Other  desirable  features  to  be  in¬ 
cluded  are  environmental  insensitivity,  (i.e.,  low 
sensitivity  to  acceleration,  temperature,  magnetic  and 
electric  fields)  and  instant  turn-on  capability. 

Finally  it  is  desirable  that  the  device  have  low  weight 
and  volume  and  small  fabrication  cost. 

To  realize  such  an  oscillator  we  have  investiaated 
the  scheme  shown  in  Fig.  1.  This  basic  scheme  was  used 
in  the  first  "atomic"  clock  (2)  and  was  revived  because 
of  its  simplicity.  In  Fig.  1  a  primary  oscillator  is 
referenced  to  the  3-3  transition  in  (22.79  GHz). 

For  simplicity  the  frequency  of  the  primary  oscillator 
is  chosen  to  be''-  0.5  GHz;  this  allows  one  to  multiply 
in  one  step  to  the  ammonia  frequency  and  at  the  same 
time  directly  divide  the  oscillator  output  frequency  to 
produce  on  output  frequency  5  MHz  which  i c  har¬ 
monically  relat  d  to  t''£  amoj  :a  frr  qucn~/.  t ir  1  i * 

cation  factor  ~  44  90  .  The  oscillator  a 
rfcrirl'r-'-  a  *•••"■  *-hc  nv.<*  *  • ;  1  i»  *  ’ 

mounted  step  recovery  diode,  i  :  ■  amp*--  '.a  -  toi  ;•  "  >  ' 

is  a  simple  closed  cel '  and  ’hi  div  '■  r  arc  * «.  '  d : ) " 
available  1.  C.  modules. 

Belov;  we  discuss  the  s  vs  ter  an:  th»  result.-  -h- 
tained.  It  io  convenient  tc-  cover  first  t ra*:.  ■_  .-m;  <  - 
n^pt-e:  or  t-V»r  <*«»  \  '  *•<  dna  1  '  ' ;■  •  -  *  1  '  ^  J 

der,  multiplier,  ammonia  cell  and  microwave  cavity,  and 


servo  system.  We  then  discuss  results  obtained  on 
stability,  accuracy  (reproducibility),  aimonia  cell 
development  and  sensitivity  to  environmental  para¬ 
meters-  Finally,  we  note  future  possibilities  based  on 
our  present  results. 

II.  %  0.5  GHz  PRIMARY  OSCILLATOR  AND  DIVIDER 

In  reviewing  the  possible  oscillator  designs,  it 
appeared  that  an  oscillator  using  a  simple  LC  resonator 
should  be  investigated.  Advantages  to  this  design 
include: 

(1)  wide  tunability, 

(2)  continuous  operation  under  very  adverse 
conditions  (shock,  vibration) , 

(3)  good  short-term  stability, 

(4)  low  cost. 

An  oscillator  was  developed  operating  at  about  0.5 
GHz  and  having  a  free-running  stability  as  shown  in 
Fig.  2.  The  curves  were  obtained  with  a  divider  chain 
(*  100)  after  the  0.5  GHz  oscillator.  These  data  were 
computed  using  the  two-sample  variance  for  different 
averaging  times  (3J.  The  bandwidth  of  the  measurement 
system  affects  the  variance  in  the  case  of  white  and 
flicker  of  phase  type  noise;  therefore,  two  curves  are 
plotted  around  the  averaging  times  of  interest  10 
ms).  The  oscillator  features  a  P  C.  board  etched 
strip  as  a  transmission  line  resonator  (stripline 
resonator) .  In  the  design  of  a  high-performance  strip¬ 
line  oscillator,  we  must  address  three  principal 
problems  (4): 

(1)  minimization  of  resonator  losses, 

(2)  minimization  of  additive  transistor  noise, 
and 

(3)  shock  and  vibration  isolation  of  the  resonator. 

There  are  other  problems  which  must  be  looked  at,  but 
these  three  represent  the  major  contributors  to  degrad¬ 
ation  in  stability. 

Radiative  loss  is  minimized  by  adopting  a  three- 
layer  sandwich  etch  technique.  In  this  design,  two 
ground  planes  are  used  on  the  top  and  bottom  surfaces 
of  the  P.  C.  board  with  the  stripline  centered  in  the 
dielectric.  To  keep  loss  to  a  minimum,  fiberglass- 
teflon  which  has  a  small  loss  tangent  of  about  10  3  is 
used  for  the  dielectric.  The  stripline  itself  is  a  f 
cm  length  of  copper  which  is  1  cm  wide  and  2  mm  thick. 
Contact  resistance  is  minimized  by  using  silver-solder 
on  all  connections.  The  unloaded  Q  of  the  resonator  at 
0.5  GHz  is  about  400.  Loaded  Q  of  the  resonator  is 
maximized  by  the  use  of  a  field-effect  transistor  as 
the  active  element  f5).  It  is  chosen  to  have  a  high 


forward  transconductance  and  a  high  cut-off  frequency. 

Oscillator  noise  is  generally  characterized  by  low 
frequency  (near  carrier)  flicker  noise  behavior  and  high 
frequency  (far  from  carrier)  white  phase  noise.  Sources 
of  noise  may  be.  multiplicative  or  additive.  Causes  of 
flicker  behavior  are  difficult  to  identify  in  many 
instances,  but  helpful  in  the  reduction  of  flicker 
noise  is  the  selection  of  a  transistor  which  is  manu¬ 
factured  with  care  and  in  a  clean  environment,  since 
flicker  noise  may  relate  to  sporadic  conductance  through 
the  device  due  to  impurities.  White  phase  noise  is 
usually  associated  with  additive  thermal  noise  of 
components  and/or  transistor  parameters,  one  can  resort 
to  devices  capable  of  higher  signal  levels  in  order  to 
get  above  a  fixed  noise  level.  A  trade-off  exists 
between  white  phase  and  flicker  noise,  however,  since 
higher  device  currents  usually  aggravate  the  flicker 
noise  problem.  We  have  arrived  at  a  compromise  solution 
which  gives  suitable  performance  in  the  NH^  standard. 

The  curves  shown  in  Fig.  1  represent  a  higher  device 
drive  level  than  is  common  in,  say,  quartz-crystal 
oscillators. 

At  frequencies  around  0.5  GHz,  transistor  package 
parameters  (inductance  and  capacitance)  and  stray  para¬ 
sitic  elements  such  as  connecting  lead  inductance  and 
stray  capacitance  all  contribute  to  the  fundamental 
resonance.  If  one  is  to  achieve  a  relative  frequency 

-9 

stability  approaching  1  x  10  ,  then  it  is  imperative  to 

maintain  resonator  inductance  and  capacitance  values 
stable  to  this  level.  The  greatest  deterrent  to  main¬ 
taining  high  inductive  and  capacitive  stability  is 
vibration  sensitivity  of  the  oscillator.  This  problem 
of  microphonics  has  been  reduced  by  using  the  three- 
layer  P.  C.  board  and  rigidly  mounting  all  components 
and  leads  with  a  low- loss  doping  compound.  The  oscil¬ 
lator  is  in  turn  rigidly  fixed  to  an  aluminum  block 
which  acts  as  the  shield  for  the  components.  The  test 
block  weighs  about  3  kg.  Depending  on  the  application, 
one  can  rigidly  mount  or  soft  mount  the  oscillator  into 
a  system.  If  igidly  mounted,  structure-born  vibration 
is  directly  applied  to  the  oscillator.  A  soft  mount 
designed  to  isolate  the  oscillator  from  vibration  can 
reduce  the  transmitted  vibration  at  higher  frequencies 
at  the  cost  of  increasing  the  vibration  sensitivity  at 
a  lower  frequency.  Damping  material  can  also  be  used  to 
alter  the  vibration  response. 

In  the  aimnonia  standard,  the  problem  of  vibration 
sensitivity  of  the  fundamental  oscillator  is  sid:  '  * 

in  ca.  or  of  :^hock  and  vibration  where  the  i  » 

of  the  servo  system  is  exceeded  o>  the  i  c ti  -. 
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vibration  is  shorter  than  the  servo  attack  time. 

A  key  incentive  for  choosing  a  wide  spectral  line  is 
that  the  servo  attack  time  can  be  small.  Since  the 
NH^  resonance  is  ~100  kHz,  this  enables  the  use  of 
fast  loop  response.  The  design  of  the  oscillator 
mount  should  yield  a  vibration  response  in  which  fre¬ 
quencies  of  -100  kHz  and  above  are  suitably  attenuated. 

The  division  from  500  MHz  to  5  MHz  uses  one  ECL 
decade  divider  followed  by  a  TTL  decade  divider  (from 
SO  MHz  to  5  MHz) .  A  level  translator  was  used  between 
these  I.C.'s.  The  ECL  divider  contained  an  internal 
wideband  amplifier  thus  allowing  good  isolation  between 
divider  logic  and  the  source.  In  short  term  (<  10 
ms) ,  the  white  phase  noise  of  the  dividers  set  a  limit 
on  the  stability  at  5  MHz. 

HI.  STEP  RECOVERY  DIODE  MULTIPLIER 

It  is  desirable  to  make  a  multiplier  module  with 
fairly  low  output  Q  (Q  -  10)  and  output  power  >  10  pW. 
We  use  state-of-the-art  step-recovery  diodes  in  a 
waveguide  multiplier  module  (See  Fig.  3.).  In  simplest 
terms,  the  problem  is  one  of  impedance  matching  for 
both  the  input  and  output  circuit.  For  example,  for 
the  input  circuit  O-0.5  GHz)  the  dynamic  diode  im¬ 
pedance  is  z  -  lft.  Therefore,  two  it  section  trans¬ 
formers  are  cascaded  to  match  to  the  50 (2  output  im¬ 
pedance  of  the  0.5  GHz  amplifier.  Approximately  0.5  W 
input  power  is  needed  to  "snap"  the  diode  properly.  To 
accomplish  this,  a  microstrip  hybrid  class  "C"  ampli¬ 
fier  is  used.  The  amplifier,  microstrip  matching 
circuit  and  multiplier  module  are  integrated  into  one 
package  in  order  to  avoid  instabilities  due  to  connec¬ 
tions.  The  output  circuit  is  composed  of  a  shorting 
stub  and  iris  coupling  to  form  a  cavity  (Q  =  10)  with 
the  diode  approximately  matched  to  the  characteristic 
impedance  of  the  narrow  height  waveguide.  In  the 
interest  of  rigidity  and  simplicity,  shims  are  used 
rather  than  movable  plungers.  With  ^  0.6  W  input  power 
to  the  diode,  output  power  of  approximately  100  PW  was 
obtained. 

IV.  AMMONIA  GAS  ABSORPTION  CELL 

The  advantages  of  using  ammonia  as  the  reference 
"atom”  are: 

(1)  The  microwave  transition  of  interest  provides 
an  absorption  signal  which  is  orders  of  magnitude 
stronger  than  those  of  other  interesting  molecules  or 
atoms  (61 .  This  is  a  significant  advantage  because  it 
means  that  the  desired  signal-to-noise  is  obtained 
without  resorting  to  impractically  large  microwave  cell 


sizes  as  would  be  necessary  for  almost  any  other  gas 
cell. 

(2)  Since  ammonia  remains  in  the  gas  phase  for  the 
temperature  range  of  interest  (-40°  to  +60°C)  the  device 
has  instant  turn-on  capability.  One  must,  however, 
note  the  existence  of  a  pressure  (therefore  temperature) 
dependent  frequency  shift;  this  is  discussed  more 
fully  below. 

(3)  The  frequency  of  the  ammonia  transition  is 
fundamental  in  nature  and  therefore  essentially  elimi¬ 
nates  the  need  for  calibration  of  the  device. 

(4)  The  amnonia  transition  linewidth  is  fairly 
broad  ('v  100kHz) .  This  is  a  disadvantage  in  terms  of 
the  ultimate  accuracy  obtainable,  but  it  allows  the 

primary  oscillator  to  be  locked  to  the  amnonia  reference 

-v, 

in  very  short  times  (>  1.5  ps) .  This  allows  a  signifi¬ 
cant  reduction  in  the  acceleration  sensitivity  of  the 
primary  oscillator. 

(а)  Choice  of  3-3  Transition  in  n15h3 

The  reference  transition  was  chosen  to  be  the  3-3 
line  in  ammonia  because  of  its  large  signal  strength 

(б)  .  The  N^Hj  isotope  was  chosen  because  the  N15 

nucleus  has  no  quadrupole  moment  and  therefore  it  is 
free  of  the  quadrupole  structure  which  makes  the  3-3 
line  of  the  isotope  asymmetric.  This  asymmetry 

causes  the  apparent  line  center  to  depend  on  FM  modu¬ 
lation  amplitude  and  microwave  power.  Uncertainties  as 

—8 

large  as  approximately  4  x  10  could  be  expected  from 
this  asymmetry. 

The  results  of  three  high  resolution  determinations 
of  the  3-3,  N15H3  frequency  are: 

V  =  22  789  421  731  i  1  Hz  [71 

o 

V  =  22  789  421  701  ±  1  Hz  (8) 

o 

V  =  22  789  421  672  ±  55  Hz  [9] . 

o 

These  measurements  were  taken  with  ammonia  beam  masers 
and  show  that  although  rather  high  resolution  can  be 

obtained,  a  conservative  uncertainty  in  one's  knowledge 

-9 

of  the  frequency  is  about  10  .  For  our  work  we 

therefore  assume: 

V  =  22  789  421  700  (1  *  10*9)  Hz. 

o 
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and  the  copper  pinch-off  was  then  sealed. 


(b)  A»jonia  Containment 

Most  aspects  of  the  present  device  could  be  tested 
in  an  experimental  apparatus  using  a  gas  flow  system 
for  the  ammonia  (11.  A  simple  gas  flow  system  could  be 
used  in  the  final  device  but  the  added  complexity  is  a 
disadvantage.  Therefore,  it  is  desirable  to  develop 
permanent  closed  cells. 

The  problem  of  ammonia  containment  is  well  known; 
in  a  simple  cell  using  brass  or  copper  waveguides, 
reaction  of  aamx>nia  with  the  cell  walls  causes  rapid 
disappearance  of  the  signal  particularly  if  water  vapor 
is  present  or  the  waveguide  walls  are  not  sufficiently 
clean.  Also,  even  in  a  clean  environment,  chemisorp¬ 
tion  with  certain  metals  is  noted  [lO] .  Various  inert 
cell  coatings  were  considered  (1),  however  it  was  felt 
that  a  simpler  approach  would  be  to  make  cells  from 
inert  materials  whose  cleanliness  could  be  insured. 

Two  basic  problems  are  encountered  in  obtaining 
such  a  cell:  (1)  a  provision  must  be  made  for  evacu¬ 
ating,  baking,  and  cleanly  sealing  the  cell,  (2)  the 
cell  must  form  part  of  or  be  included  in  a  microwave 
cavity  for  interrogation  by  the  microwave  radiation. 
This  implies  that  the  material  used  for  the  windows 
must  be  nearly  lossless  and  be  easily  bonded  to  the 
rest  of  the  cavity.  Two  basic  schemes  were  tried  and 
although  not  enough  work  has  been  completed  on  cell 
development,  the  results  are  encouraging. 

First  cells  were  made  with  quartz  cylinders  of 

rectangular  cross  section  which  could  be  inserted  into 

X-band  waveguide.  Both  ends  were  extended  and  drawn 

into  points  to  provide  a  seal.  Quartz  was  used  because 

its  microwave  losses  are  negligible.  The  cells  were 

baked  under  vacuum  at  300°C  for  30  hours  at  a  pressure 
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of  <  10  Pa  (1  Torr  -  133  Pa).  Ammonia  was  then 
backfilled  at  pressures  between  0.13  and  0.67  Pa  (10-^ 
Torr  to  5  x  10  Torr) .  No  attempt  was  made  to  purify 
the  ammonia  which  was  contained  in  a  lecture  bottle  and 
admitted  to  the  cell  through  a  metal  leak  valve.  The 
cells  were  then  sealed  off  by  heating  a  quartz  pinch- 
off. 


A  second  type  of  cell  was  made  of  stainless  steel 
K-band  waveguide.  Windows  were  made  of  quartz  which 
were  mated  to  brass  flanges  with  pressed  indium  seals. 
Ammonia  was  admitted  through  a  copper  pinch-off  which 
was  silver  soldered  to  the  broad  face  of  the  waveguide 

in  which  small  holes  were  drilled.  The  cells  were 
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baked  at  100*C  for  50  hours  at  a  pressure  of  <  10  Pa. 
The  gas  was  admitted  as  above  (without  purification) 


(c)  Microwave  Cavity  for  Ammonia 

Conceptually,  the  simplest  approach  would  be  to 
pass  the  microwaves  through  the  asasonia  and  servo  the 
frequency  of  the  oscillator  to  the  point  of  maximum 
absorption.  No  errors  would  occur  with  this  method  if 
there  were  no  reflections  at  the  ammonia  cell  interface 
and  if  the  source  and  detector  were  perfectly  matched 
to  the  microwave  guide.  Such  is  hardly  the  case  in 
practice  and  since  reflections  occur  at  both  sides  of 
the  ammonia  cell,  it  is  effectively  contained  in  a 
cavity. 


Frequency  pulling  due  to  cavity  mistuning  is  a 
familiar  problem  to  designers  of  atomic  clocks.  In  a 
passive  standard  such  as  the  one  discussed  here,  the 
frequency  at  which  microwave  absorption  is  maximum  is 
given  by  (11) : 


(V  -  v  ) 
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°c 
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(1) 


where  v 

o 

v 
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and  the  expression 

Bl  ~  V 


=  unperturbed  ammonia  frequency 

»  cavity  center  frequency 

■  microwave  cavity  Q 

*  ammonia  transition  Q 

is  valid  when:  (V  -  V  )/V  <<  1/Q  , 

COO  c 


This  result  fo  lows  simply  from  the  fact  that  the 
ammonia  and  mic  owave  cavity  form  a  system  of  coupled 
complete  oscillators.  Therefore  varying  the  frequency 
of  the  cavity  changes  the  apparent  frequency  of  the 
ammonia  line.  In  a  cavity  formed  from  a  section  of 
waveguide  the  importance  of  reflections  is  illustrated 
by  example:  If  we  made  an  ammonia  cell  from  a  section 
of  copper  WR-42  waveguide  of  length  l  and  if  the 
windows  had  (real)  voltage  reflection  coefficients  of 
value  r  ,  then  the  effective  Q  of  the  resulting  cavity 
is  given  by: 

q  =  4nr/)2 

c  g  v  o  (2 


where 


\ 

<3 

\ 
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m  guide  wavelength 
■  free  space  wavelength. 


If  we  choose  r  =  0.2,  8-  -  50  cm  (12)  and  since  X  - 
v  g 

1.59  cm,  =  1.31  cm  at  the  frequency  of  interest  then 

Q  -  115.  Front  Eq.  1,  we  see  that  we  would  have  to 

c  ( 

tune  the  cavity  to  0.02%  of  its  linewidth  to  obtain  10 


accuracy  in  the  output  frequency.  Since  the  expansion 

coefficient  for  copper  is  a  *  1.5  x  10  5/°C  and  Q  *  2 
5  c  4 

x  10  then  the  frequency  dependence  on  temperature  due 
to  cavity  pulling  would  be: 


-r5-  a  =  lo'8/°c. 


Because  of  this  rather  strong  sensitivity  and  because 
it  is  difficult  to  make  reflectionless  windows  for  the 
cavity,  one  must  servo  the  cavity  to  line  center.  A 
few  possibilities  exist  for  accomplishing  this.  One  is 
to  separately  sense  the  cavity  frequency  with  microwave 
power  applied  symmetrically  to  either  side  of  the 
cavity  resonance  (13).  However,  frequency- to-amplitude 
conversion  is  a  severe  problem  with  the  low  cavity  Q 
obtained  here  and  such  a  method  is  precluded.  If 
could  be  varied,  then  one  could  look  for  zero  change  in 
output  frequency  when  this  is  done;  this  assures  V  - 
=  0  in  Eq.  1.  This  could  be  accomplished  by  symmetri¬ 
cally  broadening  the  line  by  applying  a  magnetic  field 

(14) .  Unfortunately  this  broadening  is  only  ^  7  MHz/T 
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(1  Gauss  -  10  T)  and  therefore  a  rather  large  magnetic 
field  modulation  is  required  to  appreciably  broaden  the 
line.  Another  disadvantage  of  this  scheme  is  that  it 
requires  a  second  reference  oscillator  in  order  to 
detect  frequency  changes  when  the  magnetic  field  is 
changed. 


A  third  method  exists  and,  to  the  authors'  know¬ 
ledge,  has  not  been  used  previously.  It  is  discussed 
in  the  next  section. 


V.  SERVO  SYSTEM 

The  basic  requirement  of  the  servo  system  is  that 
it  force  the  frequency  of  the  primary  oscillator  ('v 
0.5  GHz)  to  be  at  a  subharmonic  of  the  ammonia  transi¬ 
tion  frequency.  Of  course,  various  systematic  effects 
shift  the  apparent  frequency  of  the  ammonia  transition; 
these  must  either  be  eliminated  or  controlled  in  a 
known  way.  Although  the  performance  of  the  device  is 
not  high  when  compared  to  a  state-of-the-art  atomic 
clock,  the  demands  on  the  servo  system  are  rather  high. 
This  is  because  we  are  trying  to  resolve  the  rather 
broad  resonance  feature  (i.e.,  "split  the  line”)  to 
about  10  5  or  0.001  percent.  Therefore,  state-of-the- 
art  techniques  must  be  employed.  Below  we  discuss  the 
effects  of  cavity  pulling,  distortions  in  the  source 
and  detector  and  servo  offsets  and  drifts. 

(a)  Cavity  Pulling 

He  assume  here  that  the  microwave  source  and 
detector  are  perfectly  flat,  that  is,  the  power  output 


from  the  source  and  the  detected  power  do  not  depend  on 
frequency.  Eq.  1  yields  the  frequency  v  where  the 
absorption  is  a  maximum.  To  facilitate  the  detection  of 
this  condition,  source  frequency  modulation  is  used. 

This  technique  is  well  known  and  is  used  in  other  atomic 
clocks  including  cesium,  rubidium,  and  the  passive 
hydrogen  standard  (15) .  Basically,  we  frequency  modu¬ 
late  the  source  at  frequency  v  so  that  the  time  depend- 

R) 

ence  of  the  microwave  field  from  the  source  is: 

Aw 

E  =  E  cos  (u;  t  +  —  cos  w  t  +  4), 
o  s  u)  m 

m 


where  u 


average  frequency  of  source, 
peak  frequency  excursion. 


2  IV  (angular  modulation  frequency) , 
m 


=  arbitrary  phase  angle. 


=  modulation  index . 


When  V  -  V  <  Av. (Av„  =  ammonia  linewidth)  the 
s  o  XX 

detected  signal  will  have  an  oscillating  component  at 

frequency  V  ;  the  phase  and  amplitude  of  this  component 
m 

will  vary  as  a  function  of  frequency  as  shown  in  Fig. 

4(a).  These  curves  are  the  voltages  observed  at  the 

outputs  of  the  mixers  in  Fig.  5.  This  "dispersion" 

curve  is  used  to  servo  the  primary  oscillator  to  the 

apparent  line  center  by  finding  the  condition  at  which 

the  dispersion  curve  has  zero  output.  When  «  1, 

the  frequency  at  which  this  occurred  is  given  by  Eg.  1. 

However  for  Au/w  -  1,  Eq.  1  must  be  slightly  modified, 
nt 

Also  we  note  the  appearance  of  higher  harmonics  of  v 

m 

in  the  detected  output;  in  particular,  the  amplitudes 
and  phases  of  the  higher  odd  harmonics  have  similar 
"dispersion"  characteristics.  Figures  4  (b)  and  (c) 
show  the  dispersion  curves  for  the  third  and  fifth 
harmonics  respectively  when  is  adjusted  to  give 

maximum  slope  near  the  center  of  the  pattern.  (Vertical 
scales  are  changed  for  each  part  of  Fig.  4.)  We  can 
then  use  the  dispersive  curves  of  the  higher  harmonics 
to  lock  to  line  center.  Two  important  points  should  be 


(1)  For  large  modulation  amplitudes  Au/u  >  1  it 

m 

can  be  shown  that  Eq.  1  is  modified  to  the  form: 


v  -  v  ■=  K(n)—  (v  -  v  >  (3 

o  c  o 

where  K(n)  is  close  to  unity  but  varies  by  factors  of 
two  or  three  as  Aw  is  varied .  It  is  also  a  function  of 
the  harmonic  number  observed  (n)  and  in  general  K(n)  + 
K(n')  for  the  same  Au.  We  have  used  this  last  fact  to 
simultaneously  servo  the  oscillator  and  cavity  to  line 
center  therefore  avoiding  cavity  pulling.  As  shown  in 


1*°-*.***- ,  .  -  ... 

Fig.  5,  the  third  harmonic  dispersion  is  used  to  lock 
the  multiplied  primary  oscillator  to  apparent  line 
center,  i.e.,  the  condition: 


v 


V 


(4) 


the  detector  which  the  servo  then  compensates  for  by 


shifting  to  a  value  below  VQ 
practice,  then  if  AM  c 
above,  we  would  have: 


Since  bin/ 2tt  z  Av^  in 


s  O 

practice,  then  if  AM  of  amplitude  6  exists  as  discussed 


<v  *  v  J  ~ 
s  o  - 


BAv, 


(6) 
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is  satisfied.  The  fifth  harmonic  dispersion  is  used  to 
lock  the  cavity  to  the  line  center,  i.e.,  the  condition: 


V  -  V 

o 


IS) 


is  satisfied.  Since  K(3)  ?  K(5),  conditions  (4)  and  (5) 
can  be  satisfied  simultaneously  only  if  -  Vq  =  v  - 


(2)  The  use  of  the  above  scheme  causes  some  loss 
of  signal  strength;  to  give  an  idea  of  this  loss  we  have 
measured  the  ratio  of  the  slopes  (SL(n)l  of  the  dis¬ 
persion  curves  when  the  microwave  power  is  kept  fixed 
and  when  the  slope  is  maximized  for  each  harmonic. 

He  measured: 


in  the  locked  condition.  This  pulling  is  accentuated  for 
the  fundamental  dispersion  lock  (at  v^)  if  the  signal 
from  the  armnonia  is  only  a  small  fraction  (y )  of  the 
signal  reaching  the  detector  because  essentially  all  of 
the  AM  on  the  input  rf  reaches  the  detector  even  in  the 
absence  of  ammonia.  In  this  case: 


(Vs 


V  =  -  f  <AVi> 


(fundamental  lock). 


However,  for  the  third  and  fifth  harmonic  locks,  Eq.  6 
applies  to  a  high  degree.  The  third  and  fifth  harmonics 
appear  at  the  detector  only  because  of  the  presence  of 
ammonia .  This  is  one  reason  for  using  the  higher 
harmonic  locks. 


SL(1)  :  SL(3)  :  SM5)  =  1.0  :  0.42  :  0.26 

From  the  standpoint  of  signal  strength  it  would  be 
better  to  use  the  fundamental  and  third  harmonic  locks 
in  the  above  scheme; however,  conditions  (outlined  later) 
led  us  to  choose  the  third  and  fifth  harmonic  locks. 

We  note  that  a  further  slight  reduction  in  signal 
strength  or  slope  (  < 10%)  is  observed  when  the  system  is 
optimized  for  the  third  and  fifth  harmonic  locks  simul¬ 
taneously. 

The  microwave  cavity  is  formed  by  a  combination  of 
shunt  impedances  due  to  the  windows  and  added  reactances 
at  both  ends  of  the  ammonia  cell.  Electronic  tuning  is 
provided  by  a  varactor  diode  at  one  end  of  the  cell. 

(b)  Distortions  in  the  microwave  source  and  detector 

In  general,  the  source  and  detector  are  not  "flat" 
with  frequency;  that  is,  frequency  to  amplitude  con¬ 
version  occurs  which  shifts  the  apparent  frequency  of 
the  anmonia  transition.  The  most  serious  problem 
occurs  in  the  source.  Briefly,  frequency-to-amplitude 
conversion  occurs  because  of  the  (slightly  mistuned) 
reactances  in  the  source.  In  time  domain,  a  qualitative 
picture  is  given  by  assuming  that  as  the  frequency  of 
the  source  swings  below  vq,  its  amplitude  increases;  as 
its  frequency  swings  above  vq,  its  amplitude  decreases. 
Assuming  that  vc  58  vQ,  and  ^  3  v0»  then  the  signal  from 
the  anmonia  absorption  would  be  stronger  on  the  low  side 

of  v  than  on  the  high  side.  Equivalently,  there  exists 
o 

a  residual  signal  component  at  vm  (and  3vm  and  5vm)  on 


If  the  source  is  "flat"  with  frequency  and  the 

detector  is  not,  the  problem  is  not  as  severe  as  it  is 

for  the  source.  Since  we  are  locking  to  the  third  and 

fifth  harmonics  of  v  then  spurious  third  or  fifth  har- 
m 

monic  signal  is  generated  -  nly  because  the  curvature 
(nonlinearity)  of  the  detector  converts  the  FM  (at 
frequency  vm>  into  AM  at  frequency  3Vm  or  Sv^.  Since  the 
curvature  of  the  detector  should  be  small  this  type  of 
offset  should  be  negligible.  This  is  another  reason  for 
using  the  third  and  fifth  harmonic  locks  as  noted  in 
Sect.  V(a).  Third  harmonic  lock  of  the  primary  oscil¬ 
lator  116)  also  discriminates  against  background  slo-  :s 
(for  example,  due  to  overlapping  transitions)  but  this 
is  not  a  problem  for  the  ammonia  device. 

In  general,  it  is  easier  to  make  the  detector  flat 
and  control  its  flatness  for  the  source.  Therefore,  we 
have  servoed  out  the  AM  (at  frequency  vm>  in  the  source 
by  nulling  the  signal  (at  vm>  observed  at  the  detector. 
Since  the  detector  may  not  be  perfectly  flat,  this 
introduces  a  systematic  offset  of  the  type  in  Eq.  (t ) . 

It  is  important  that  this  :  esidual  slope  in  the  detector 
remain  fixed  in  order  to  assure  long-term  stability  and 
reproducibility.  As  noted  below  in  Sect.  VI  (C) ,  it  may¬ 
be  desirable  to  make  a  detector  with  a  specific  slope 
which  can  be  used  to  compensate  the  frequency  shift  due 
to  pressure. 

It  is  critically  important  to  null  the  fundamental 
frequency  signal  component  (  y^)  at  the  detector  for 


M7 


another  reason.  If  this  is  not  done,  then  signal  at 

v  can  mix  xn  the  detector  with  the  rather  stronq  sig- 
w 

nais  at  2V  and  4^  to  give  signals  at  3y  and  5v 

mm  m  ni 

which  gives  further  offsets.  These  offsets  are  avoided 
by  exactly  nulling  the  fundamental  signal  component  of 
the  detected  output. 

Finally,  one  must  insure  that  FM  distortion  does 
not  occur  at  the  oscillator.  For  example,  second  har¬ 
monic  FM  distortion  [17]  due  to  a  signal  component  of 
frequency  2vm  at  the  FM  input  causes  a  signal  component 

at  3v  at  the  detector  because  of  the  strong  nonlinear- 
m 

ity  of  the  ammonia  line.  For  the  ammonia  device,  such 
distortion  is  avoided  by  insuring  that  the  second  har¬ 
monic  of  the  FM  input  is  >  75  dB  down  from  the  funda¬ 
mental.  This  is  easily  accomplished  with  passive  fil¬ 
tering. 

(c)  Servo  phase  comparators  and  integrators 

Conventional  analog  phase  comparators  have  output 
voltage  offsets  due  to  an  asymmetry  which  may  exist  in 
the  signal  switching  portion  of  the  device.  Here  the 
signal  from  the  microwave  detector  undergoes  a  180° 
phase  reversal  at  each  half-cycle  of  the  reference  sig¬ 
nal  (third  or  fifth  harmonic  of  modulation  frequency) . 

The  signal  path  through  the  comparator  for  one  half¬ 
cycle  versus  the  other  half-cycle  must  be  identical  to 
realize  zero  offset;  however,  this  is  difficult  to 
achieve  and  therefore  offsets  will  exist.  These  offsets 
not  only  affect  the  accuracy  of  the  locked  oscillator 
but  also  the  stability,  since  they  are  observed  to 
change  in  time. 

The  phase  comparator  is  followed  by  an  integrator 
to  realize  a  second-order  loop  filter.  Analog  inte¬ 
grators  suffer  from  input  voltage  offsets.  Further¬ 
more,  the  common  analog  integrators,  having  a  capacitor 
in  the  negative  feedback  path,  have  finite  DC  gain  set 
by  the  amplifier;  a  practical  limit  is  about  140  dB. 
Capacitor  leakage  also  degrades  the  analog  integrator's 
performance. 

A  new  phase  comparator  and  integrator  has  been 

designed  and  built  which  employs  digital  electronics 

and  can  directly  replace  currently  used  analog  circuitry. 

Since  the  line-splitting  goal  in  the  ammonia  standard 

is  high  (  _ 1  x  10~5)  to  achieve  10~10  stability  and 
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the  offset  must  be  ~ 1  x  10  or  lower,  there  was  in¬ 
centive  to  pursue  techniques  other  than  analog.  Vir¬ 
tues  to  the  digital  system  are: 

1.  negligible  voltage  offset 

2.  no  capacitor,  hence  no  leakage 

3.  infinite  gain  at  D.C. 


4.  excellent  low  pass  filter  characteristics 

5.  excellent  environmental  iamunity . 

These  positive  aspects  were  weighted  against  the  follow¬ 
ing  observed  shortcomings: 

1.  lower  useful  modulation  rates  necessary 

2.  quantization  noise  (additive  white  noise). 

At  modulation  frequencies  approaching  a  few  kilo¬ 
hertz,  the  analog  comparator  and  integrator  begins  to 
outperform  the  digital  approach  with  regard  to  usable 
feedback  gain  and  additive  noise.  The  ultimate  servo 
for  the  amnonia  device  (which  can  use  modulation  fre¬ 
quencies  approaching  100  kHz)  is  one  using  both  analog 
and  digital  techniques:  the  analog  portion  to  respond  in 
short-term  and  digital  portion  to  respond  in  long¬ 
term. 

VI.  RESULTS 

(a)  Stability 

A  plot  of  the  frequency  stability  obtained  with  the 
ammonia  based  oscillator  is  shown  in  Fig.  2.  These  data 
were  computed  using  the  two  sample  variance  for  differ¬ 
ent  averaging  times  [3] ;  frequency  drift  has  not  been 
removed.  The  results  using  the  free  running  -.0.5  GHz 

stripline  oscillator  have  been  discussed  in  Sect.  II 
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above.  The  data  shown  for  10  sec  to  10  sec  were  taken 

with  the  oscillator  locked  to  the  apparent  line  center 

using  third  harmonic  (3  v  )  dispersion  lock  discussed  in 
m 

Sect.  V;  the  cavity  was  unlocked  for  this  data.  The 
longer  term  data  (10  sec  to  6  x  103  sec)  were  taken  with 
the  complete  system  shown  in  Fig.  5  using  a  cell  volume 
of  230  cm3  to  increase  signal  strength.  In  both  cases 
data  were  taken  with  a  gas  flow  system  in  order  to 
directly  monitor  pressure;  the  problems  of  stability  and 
cell-cavity  design  have  been  separated  to  simplify 
development. 

The  shorter  term  data  were  taken  with  a  small  cell 
(25  cm3)  to  illustrate  the  relatively  good  stability 
obtained  with  small  cell  sizes.  When  the  short  term 
data  (locking  only  the  oscillator)  were  taken  with  the 

larger  cell,  (230  cm  )  approximately  a  factor  of  five 
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improvement  in  stability  was  observed  between  10  sec. 
and  1  sec.  The  cause  of  the  flicker  behavior  (flat- 
tenino  of  the  Oy(T)  curve)  is  not  understood  at  this 
time  but  improvements  could  be  expected,  thus  improving 
the  stability  by  at  least  a  factor  of  five  over  the 
whole  range. 

(b)  Accuracy 

For  the  reasons  outlined  in  Sect.  VI (c>  below. 


MS 


accuracy  obtained  will  depend  on  system  parameters  such 
as  ammonia  pressure  and  detector  slope.  Since  one  is 
really  interested  in  frequency  reproducibility  between 
units  and  over  long  periods  of  time  (years),  tne  re¬ 
producibility  and  stability  of  these  system  parameters 

is  of  primary  importance.  We  estimate  that  the  accuracy 
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obtained  in  the  above  sense  is  approximately  +  2  x  10 
if  the  detector  slope  can  be  held  to  i  2%  of  its  initi¬ 
ally  set  value.  This  estimate  is  explained  below;  data 
is  still  needed  in  very  long  term  and  between  different 


plotted  fractional  frequency  offset  (from  an  arritrar. 

reference  point)  versus  pressure,  we  note  that  at  high 

pressure  (P  >  C.2  Pa)  that  a  factor  of  2  cnange  in 

pressure  gives  a  fractional  change  in  frequency  of  less 
,  -9 


Therefore,  one  could  hope  to  set  the  detector  slope 
such  that  £  -  -  c*  and  greatly  reduce  pressure (and  temper¬ 
ature)  sensitivity.  If  £  changes,  however,  then  the 

frequency  would  change  so  that  at  high  pressure  (_.  > 

P 

L\)  : 


(c;  Systematic  frequency  offsets 

It  is  felt  that  the  two  most  important  systematic 

frequency  shifts  are  those  due  to  pressure  and  detector 

slope.  Assuming  the  detected  fundamental  (signal  at  ,  ) 

m 

has  been  electronically  nulled,  then  there  can  still  be 
a  systematic  offset  if  the  detector  is  not  flat;  this 
offset  is  expressed  by  Eq.  (6)  where  S  is  the  AM  of  the 
rf  and  where  we  have  assumed  that  the  total  rf  signal  is 
much  larger  than  that  due  to  the  ammonia  (y  <<  1) . 

(This  is  the  case  except  when  the  cell  is  very  long  (~ 

10  m)  and/or  the  reflection  coefficients  at  the  cell 
cavity  interfaces  are  very  high.]  Av^  is  written  ap¬ 
proximately  as  [6,14,18]: 


,  -  [- 


where  A (  -100  kHz)  is  the  line  broadening  due  to  all 

causes  (primarily  Doppler  effect)  except  for  ammonia- 

anvnonia  collisions,  and  Av  is  the  linewidth  due  to 

P 

collisions  (pressure) . 

The  frequency  shift  due  to  pressure  is  written  as: 


6  v  *  a  Av 
P  P 


where  a  -  0.01  [19].  Therefore,  the  total  shift  due  to 
detector  slope  and  pressure  is  given  by: 


5v  -  8  j  <Avq)2  +  ( AVp) 2 


-jl/2 

|  ♦  a  Av  . 

J  P 


The  important  point  to  note  is  that  at  high  pressure 

(Av  »  Av  )  we  have: 

P  o 


p 

Therefore,  if  B  -4  then  the  change  in  frequency  with 

change  in  pressure  is  very  small,  therefore  reducing 

pressure  (and  temperature)  shifts.  For  this  condition, 

when  Av  «  Av  then  3(6v)/3  Av  -  a.  Experimental 
p  o  p 

verification  of  this  is  given  in  Fig.  6  where  we  have 


i(iwV  - 


If  A v  230  kHz,  5=1-  0.01,  then  if  ;  changed  by  1%, 

P  -9 

the  output  frequency  would  change  by  -10  .  More  work 

is  needed  to  improve  the  above  scheme  and  of  course 

other  pressure  compensation  schemes  are  possible. 


(d)  Ammonia  containment 

Work  with  closed  ammonia  cells  needs  further  develop¬ 
ment  but  first  results  are  encouraging.  For  both  types 
of  cells  the  pressure  appeared  to  stabilize  about  two 
days  after  sealing  the  cell.  (Observed  signal  dropped  - 
30%  initially.)  First  results  indicate  the  stainless 
steel  waveguide  cells  to  be  slightly  better  and  after 
initial  stabilization  signal  degradation  was  less  than 
10%  after  a  few  weeks.  Future  work  is  needed  to  in¬ 
sure  cleanliness  and  integrity  of  the  cells  and  better 
results  are  anticipated  (See  Sect.  VI. f. (2)  below). 


(e)  Integrator-demodulator  stability 

The  analog  and  digital  demodulators  can  both  be  set 
to  give  initial  offsets  corresponding  to  frequency 


inaccuracies  of  less  than  10 


Therefore  it  is  critical 


that  their  drift  be  minimal.  To  check  this,  the  system 
was  first  locked  using  the  digital  servoes.  The  input 
signal  was  then  also  applied  to  the  inputs  of  separate 
digital  and  analog  demodulators  and  the  outputs  were 
monitored  in  time.  If  no  drifts  exist  in  these  separate 
demodulators  the  output  should  remain  constant  in  time. 
Fig.  7  shows  the  results  of  a  typical  measurement  of 
this  kind.  The  analog  demodulator  was  the  better  of  two 
comnercially  available  high  performance  lock-in  ampli¬ 
fiers.  Over  about  a  20  minute  period,  the  digital 
offset  drift  was  smaller  by  more  than  an  order  of 
magnitude  over  the  analog  offset  drift.  The  vertical 
scale  in  Fig.  7  is  calibrated  in  terms  of  the  equivalent 
fractional  frequency  offset  of  the  primary  oscillator) 
it  therefore  appears  that  the  digital  system  is  adequate. 


Efforts  continue  however  to  find  better  analog 
demodulators . 


the  detector. 


(f)  Environmental  sensitivity 

(1)  Vibration  sensitivity 

Because  of  the  fast  servo  attack  time  allowed  in 
the  ammonia  standard,  sensitivity  to  vibration  should  be 
low.  This  is  true  to  the  extent  that  the  apparent 
absorption  line  is  stable  and  that  there  is  sufficient 
servo  gain  at  the  vibration  frequency. 

The  effect  of  vibration  suppression  can  be  seen  by 
observing  the  spectral  density  of  phase  fluctuations  S  (f) 
of  the  500  mHz  oscillator  under  vibration.  An  example 
of  such  a  measurement  is  shown  in  Fig.  8;  one  curve  has 
the  oscillator  locked  to  the  ammonia  and  the  other  with 

it  unlocked.  Vibration  frequency  is  40  Hz  sine  with  a 
2 

peak  acceleration  of  5m/s  .  He  see  at  least  45  dB 
reduction  of  the  power  in  the  40  Hz  additive  phase 
spectral  component  when  the  oscillator  is  locked.  This 
represents  an  acceleration  sensitivity  of  at  most  5  x 
10  s  /m  (5  x  10  /g) . 


(3)  Electric  and  magnetic  field  sensitivity 

Electric  fields  are  only  of  importance  in  the 
construction  details  of  the  gas  cell  where  thermo¬ 
electric  and  contact  potential  problems  may  be  present. 

A  worst  estimate  can  be  based  on  the  most  sensitive 

hyperfine  component  of  the  (3-3) line:  for  this  we  have  a 
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relative  shift  of  about  10  E  (E  in  V/cm) .  Since 
electric  fields  surely  can  be  limited  to  less  than  0.1 
V/cm,  this  does  not  appear  to  be  a  problem. 

To  first  order,  application  of  magnetic  fields 
causes  only  a  broadening  of  the  ammonia  line.  This 
broadening  has  been  observed  to  be  (14) : 

a«V  3  4 

— -gg —  »  7  X  10  kHz/  T  (IT  -  10  Gauss) 

If  the  pressure  shift  compensation  scheme  of  Sect.  VI c 
is  used,  then  a  residual  frequency  shift  due  to  magnetic 
field  will  exist: 


In  a  systems  design,  it  is  desirable  to  build  and 
mount  the  oscillator  so  that  vibration  sensitivity  is  as 
low  as  possible  for  vibration  frequencies  outside  the 
servo  loop  bandwidth.  Since  the  bandwidth  can  be  made 
wide  in  the  case  of  the  nh^  standard  (approaching  100 
kHz),  some  flexibility  exists  in  the  choice  of  the 
oscillator's  mechanical  design  and  supporting  structures 
(see  Sect.  II.)  . 

(2)  Temperature  sensitivity 

Temperature  will  affect  the  most  critical  param¬ 
eters  affecting  accuracy  and  long-term  stability:  i.e., 
pressure  and  detector  slope  (see  Sect.  VI. c.).  Data  was 

not  taken  on  detector  slope:  however,  to  obtain  +2  x 

-9  — 

10  accuracy,  the  slope  of  the  detector  must  be  main¬ 
tained  to  about  2%  over  the  operating  temperature  of  the 
device. 


1  3(<5v)  .  a  (6v)  d(AV 

vq  3h  3(Avq)  3h 


3  x  lo"4  a/T 


=  3  x  10"6/T  = 


3  x  10"10/G. 


Therefore  in  extreme  magnetic  field  environments  some 
simple  magnetic  shielding  may  be  required.  The  second 

order  Zeeman  effect  is  extremely  small;  the  relative 
-7  2 

shift  is  about  2  x  10  H  (H  in  Tesla)  and  is  therefore 
negligible  [81. 


VII.  FUTURE  PROJECTIONS 

At  the  present  time  a  fully  integrated  prototype 
has  not  been  constructed;  for  simplicity  the  separate 
aspects  of  the  device  were  investigated  individually. 
However,  some  estimates  of  physical  parameters  can  be 
made  based  on  the  present  results: 


Pressure  sensitivity  to  temperature  was  estimated 
by  measuring  signal  strength  as  a  function  of  tempera¬ 
ture  on  the  sealed  stainless  steel  waveguide.  In  this 
way  we  observed  a  sensitivity  of  1/P  dP/3T 

0 . 05/°c .  That  is,  a  change  of  5%  in  pressure  was 
observed  for  a  change  in  temperature  of  1°C.  If  the 
compensation  scheme  of  Sect.  VI. c  is  used,  this  gives  a 
temperature  coefficient  of  —  5  x  10  However,  for 

good  accuracy  and  stability  at  low  ambient  temparatures , 
some  minimal  temperature  servoing  may  be  required.  For 
example,  one  could  servo  the  temperature  to  always  give 
a  fixed  signal  by  observing  the  2nd  harmonic  signal  at 


(a)  Size  requirements  The  lower  limit  on  size  will 
primarily  be  limited  by  the  size  of  the  ammonia 
cell.  It  is  expected  that  the  cell  should  occupy 
no  more  than  1  liter  volume;  hence  the  overall 
package  may  be  from  1-2  liters  in  volume. 

(b)  Weight  requirement  With  proper  choice  of  materials 
the  expected  final  package  weight  should  be  less 
than  2  kg.  For  operation  in  extreme  magnetic 
fields,  shielding  may  have  to  be  included?  this 
will  increase  weight  by  approximately  1/2  kg. 

(c)  Power  requirements  The  basic  electronic  components 
of  the  present  configuration  are  shown  in  Fig.  4. 
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The  power  requirements  for  specific  portions  at  pres- 
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ent : 


(1) 

0.5  GHz  oscillator,  0.5  GHz 
amplifier  with  multiplier 

5.5  Vi 

(2) 

divider  chain  (  f  100) 

1.0  W 

(3) 

detector  amplifier  and  servoes 

1.0  W 

7.5  W 

The  O.S  GHz  power  amplifier  is  the  major  drain  on  the 
power  supply.  Since  the  multiplier  step- recovery  diode 
needs  about  3/4  W  input,  and  the  efficiency  of  the 
amplifier  could  be  ~60%,  improvements  are  expected.  In 
an  actual  system  we  could  expect  total  power  require¬ 
ments  to  be  less  than  half  of  their  present  value  or 
3  W. 

VIII.  SUMMARy 

Although  the  results  obtained  with  the  present 
device  are  encouraging,  one  could  hope  for  even  better 
results  with  future  development.  For  example,  the 
vibration  sensitivity  of  the  device  was  studied  only 
very  briefly  but  initial  results  show  potential  for 
unsurpassed  acceleration  insensitivity.  Similarly, 
other  aspects  of  the  device  could  be  improved  with 
further  work. 

The  largest  uncertainty  exists  in  the  control  of 
the  AM  distortion  (detector  slope)  and  pressure  shift; 
and  efforts  should  be  concentrated  in  this  area.  It 
should  be  noted  that  it  is  possible  to  use  different 
approaches  for  these  problems.  For  example,  one  could 
modulate  the  source  at  two  different  frequencies  and 
with  different  amplitude;  this  would  allow  one  to 
independently  servo  the  detector  slope  to  zero  thus 
eliminating  AM  distortion  entirely .  (Similar  to  the 
3rd  and  5th  harmonic  locks  used  to  servo  the  oscillator 
and  cavity) .  One  is  then  left  with  the  raw  pressure 
shift  which  could  be  compensated  in  the  output  fre¬ 
quency  by,  for  example,  applying  a  calibrated  cor¬ 
rection  voltage  at  the  integrator  input  based  on  the 
observed  signal  amplitude. 
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4  Dispersion  curves  obtained  st  output  demod¬ 
ulator  for  different  harmonics:  (a)  Funda¬ 
mental,  (b)  third  harmonic,  (c)  fifth  har¬ 
monic.  Vertical  scales  are  different  In  the 
three  cases  and  curve  (c)  has  an  (arbitrary) 
180  degree  shift  introduced. 


lit 


7  Drift  of  analog  and  digital  comparator  (demod¬ 
ulator)  In  time.  Vertical  scale  calibrated  In 
tans  of  equivalent  frequency  offset  (error) 
Introduced  by  comparator. 


Flu. 6  Fractional  frequency  offset  (from  arbitrary 
reference)  versus  pressure.  (Absolute  press¬ 
ure  known  to  only  a  factor  of  2.) 

40  Hz 


Fig. 8  Plot  of  phase  spectral  density  S. (f)  for 

♦ 

locked  and  unlocked  'V  0.5  GHa  oscillator. 
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DETECTING  AND  MIXING  AT  FIR /SUBMILLIMETER  WAVELENGTHS 
WITH  SUBMICRON  SIZE  SCHOTTKY  BARRIER  DIODES* 

M.  McColl,  D.  T.  Hodges,  A,  B.  Chase  and  W.  A.  Garber 

The  Ivan  A.  Getting  Laboratories 
The  Aerospace  Corporation 
El  Segundo,  California  90245 


Abstract 


Progress  on  fundamental  mixing  experiments  at 
submilUmeter  wavelengths  using  submicron  size 
Schottky  barrier  diodes  in  an  open  mount  is  presented. 
Minimum  detectable  powers  for  the  mixer  of 
3  x  10- 14  W/ Hz  at  1 18.  8  pm  and  1  x  10‘17  w/Hz  at 
447  pm  are  obtained.  The  result  at  118.8  pm  repre¬ 
sents  a  several  order  of  magnitude  improvement  for 
a  Schottky  barrier  mixer  at  this  wavelength,  and  the 
447  pm  result  is  the  smallest  to  be  reported  for  a 
Schottky  diode  employing  an  open  mount.  The  ration¬ 
ale  for  using  ultra  small  contacts  is  discussed. 

Key  words:  Schottky  Barrier  Diode,  Far  Infra¬ 
red  Mixing,  Submillimeter  Wave  Mixing,  Electron 
Lithography. 


Introduction 


The  Schottky  barrier  diode  is  the  dominant  mixer 
at  microwave  and  millimeter  wavelengths.  It  provides 
the  widest  bandwidths  and  lowest  noise  figures  avail¬ 
able  from  a  room  temperature  device,  and  in  addition, 
is  both  mechanically  and  electrically  stable.  For  the 
past  several  years  the  Schottky  diode  has  been  under 
development  for  application  at  submilUmeter  wave¬ 
lengths.  1""  Most  recently,  small  submicron  dimen¬ 
sional  Schottky  diodes  have  been  developed  anc  ex¬ 
tended  to  wavelengths  as  short  as  70  pm  as  a  n.ixer 
and  to  a  wavelength  of  42  pm  as  a  video  detector.  ®>  4 
This  paper  reports  record  sensitivities  for  these  de¬ 
vices  as  mixers  at  wavelengths  of  118.8  pm  and 
447  pm.  The  diodes  were  situated  in  an  open  untuned 
mount,  the  type  of  structure  most  commonly  used  in 
precision  frequency  synthesis  and  metrology  experi¬ 
ments.  Design  considerations  are  discussed  for 
diodes  operating  in  such  a  mount. 

The  Schottky  Barrier  Diode 

A  Schottky -barrier  diode  consists  of  a  metal  con¬ 
tact  to  a  semiconductor.  The  diode  current  voltage 
(I-V)  characteristic  is  given  to  a  good  approximation 

by  7 

I  --  I  [exp  (SV)  -  1]  (1) 

where  I0  >s  determined  by  the  area  and  material  para¬ 
meters  of  the  diode.  The  parameter  S  is  given  by 


where  q  is  the  electronic  charge,  T  is  the  tempera¬ 
ture.  k  is  Boltzman's  constant,  and  n  is  the  ideality 
factor  which  is  approximately  unity  for  low-  to 
moderately -doped  materials.  For  heavily  doped  semi¬ 
conductors  where  the  conductance  of  the  junction  is 
dominated  by  tunneling,  S  is  less  than  q'kT;  it  is 
determined  by  material!:  parameters  andgd^ping,  with 
only  a  weak  dependence  on  temperature.  ’  This 
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highly  nonlinear  relationship  between  I  and  V  ex¬ 
pressed  in  (1)  is  responsible  for  the  success  of  the 
Schottky  diode  as  a  detector  and  mixer. 

The  operation  of  the  Schottky  barrier  detector 
at  wavelengths  considerably  greater  than  the  plasma 
resonance  wavelength  \p  (approximately  5  pm  to  50  pm 
for  Si,  Ge,  and  GaAs,  depending  on  the  material  and 
doping)!®  is  best  understood  by  examinating  the 
equivalent  circuit  of  the  diode  shown  in  Fig.  la.  " 

The  element  R  represents  the  nonlinear  junction  re¬ 
sistance  that  provides  the  rectifying  volt-ampere 
behavior  necessary  for  detecting  and  mixing.  The 
spreading  resistance  Rs  is  the  resistance  in  the  bulk 
of  the  semiconductor  which  results  from  the  constric¬ 
tion  of  the  current  near  the  metal  contact.  Zss  is  the 
skin  effect  resistance.  The  equivalent  circuit  shown 
in  Fig.  lb  becomes  appropriate  for  wavelengths  near 
Xp  where  carrier  inertia  and  displacement  current 
effects  within  the  semiconductor  become  dominant.  *2 
At  X  ,  Zs  is  resonant  and  approaches  an  open  circuit 
condition. 


The  parasitic  elements  Zs,  Zss,  and  the  junc¬ 
tion  capacitance  C  are  the  primary  cause  of  the  deg¬ 
radation  in  diode  performance  at  high  frequencies. 
All  three  elements  are  unavoidable  but  can  be  mini¬ 
mized  by  choosing  the  proper  combination  of  materi- 


conductance  semiconductor,  and  as  such  Rs  and  Zss 
are  minimized  by  its  usage.  Moreover,  raising 
the  doping  of  a  material  extends  the  plasma  resonance 
to  shorter  wavelengths.  (For  5  x  104®  cm-5  n-GaAs, 
plasma  resonance  is  at  13  gm  rather  than  34  pm  for 
moderately  doped  n-GaAs.  )1®  Heavy  doping  also 
minimizes  transit  time  effects.  !4>  As  a  conse¬ 
quence  of  these  considerations,  5  x  10!®  cm-®  n-GaAs 
is  the  material  utilized  in  the  fabrication  of  diodes 
used  in  these  experiments  and  those  previously  re¬ 
ported.  4 


The  relative  importance  of  the  parasitic  ele¬ 
ments  depends  upon  the  mount  in  which  the  diode  is 
situated.  In  open  mounts,  C  is  not  easily  tuned  out 
(resonated!  and  at  short  wavelengths  becomes  a  domi¬ 
nant  parasitic  since  it  functions  to  bypass  the  high 
frequency  RF  currents  from  flowing  through  R.  Con¬ 
sequently  at  submillimeter  wavelengths,  good  per¬ 
formance  from  a  Schottky  diode  with  an  open  mount 
dictates  that  C  should  be  small. 


Reduction  of  the  size  of  the  diode  improves  its 
performance  as  a  detector  and  mixer  since  junction 
capacitance  is  proportional  to  junction  area.  This  is 
the  basic  approach  taken  in  this  work.  There  is  a 
limit  in  the  size  of  the  diode  in  terms  of  impedance 
matching*®  and  electrical  stability  (burnout)  problems; 
however,  it  is  clear  that  diode  diameters  less  than 
1  pm  are  preferred  at  submillimeter  wavelengths. 

Conversion  Loss  Dependence  on  Contact  Diameter 

The  conversion  loss  Lc  of  a  resistive  mixer 
operated  in  an  open  mount  under  local  oscillator 
starved  conditions  may  be  conveniently  expressed  as 
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the  product  of  three  terms 
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The  intrinsic  conversion  loss  Lg  is  the  loss 
arising  from  the  conversion  process  within  the  non¬ 
linear  resistance  of  the  diode.  Li  is  defined 

here  as  representing  the  RF  losses  associated  with 
scattering  and  reradiation  of  the  signal  power.  RF 
impedance  mismatch,  RF  parasitic  losses,  poor 
focusing,  etc.  The  loss  term  L2  contains  the  IF  para¬ 
sitic  and  IF  impedance  mismatch  losses. 


Local  oscillator  (LO)  starvation  refers  to  the 
mixer  being  driven  with  low  LO  power,  a  common 
situation  at  submillimeter  wavelengths,  particularly 
in  open  mounts.  A  convenient  expression  for  Lo  in 
this  condition  is  given  by**'  ^ 


The  diodes  used  in  the  measurements  consisted 
0/  plated  Pt  contacts  on  uniformly  -doped,  non-epitaxial 
5  x  10*°  cm-’  n-type  GaAs.  Two  different  sizes  were 
fabricated,  0.  5  Jim  and  0.  25  Jim  in  diameter.  A 
0.  5  Jim  Schottky  contact  with  this  doping  has  a  calcu¬ 
lated  zero-bias  capacitance  C0  of  1.  3  x  10"^  F.  This 
value  and  a  measured  dc  series  resistance  Rs  of 
19-3  ohms  yields  a  calculated  figure  of  merit  cut-off 
frequency  fc  =  (2n  Rs  C0)"i  of  9  x  lO^Hz  (a  wave¬ 
length  of  34  Jim).  The  0.25  Jim  diodes  were  fabricated 
using  high  field  pulse  plating.  This  new  method  of 
plating  has  been  demonstrated  to  yield  spreading  re¬ 
sistance  values  close  to  their  theoretical  values  over 
a  range  of  diameters  from  0.  12  Jim  to  2.  5  Jim.  *  '  In¬ 
corporating  this  plating  technique  in  the  fabrication  of 
the  0.  2  5  Jim  diameter  junctions  has  yielded  a  calcu¬ 
lated  fc  value  of  40  THz  (a  wavelength  of  7  Jim). 


where 
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The  submicron  size  junctions  were  fabricated 
using  electron  lithographic  techniques.  Relatively 
large  arrays  of  1000  k  diameter  diodes  of  the  type 
shown  in  Fig.  2  can  be  produced  routinely.  4  These 
diodes  represent  the  smallest  Schottky  barrier  diodes 
yet  fabricated  and  possibly  represent  the  smallest  de¬ 
vices,  in  general,  to  be  reported  in  the  literature. 


R  is  the  dynamic  resistance  of  the  diode  biased  with 
a  dc  current  I<}-,  and  PLo  is  tile  LO  power  absorbed 
by  the  mixer.  Equation  (4)  is  valid  for  SV j  <<  1  where 
V]  s  J  2  R  Plo  is  the  amplitude  of  the  LO  sinusoidal 
voltage  appearing  across  the  resistance  R. 


Defining  Plo  38  t*le  Power  in  the  incident  LO 
beam  and  assuming  the  RF  coupling  problems  are 
identical  for  both  the  signal  and  LO  beams,  one  has 


P 


LO 
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Hence  from  (3),  (4)  and  (6) 


L  = 
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This  equation  leads  to  a  striking  relationship  between 
Lc  and  diameter  d  when  one  examines  the  dependence 
of  Lj  on  d  under  LO  starved  conditions. 

When  the  detector  is  capacitance -limited  (i.  e.  , 
w2c2r2  jj(  the  RF  power  fed  to  R  is  proportional 
to  (4jC)"2,  Hence,  the  dependence  of  Lj  on  C  becomes 


L,  “*2CZ 


u>2C2R2  »  l. 


(8) 


Expressing  Li  in  terms  of  diameter  d,  one  concludes 
Li  “  d4.  Preliminary  responsivity  measurements 
reported  below  lend  some  credence  to  this  dependence. 
When  a  Schottky  mixer  is  both  LO  starved  and  capaci¬ 
tance  limited,  Eqs.  (7)  and  (8)  lead  to 

Lc  «  ai4C4  «  d8  ;  «»2C2R2  »  1  and  SVj  «  1  .  (9) 

These  strong  dependences  of  Lc  on  u>C  and  d  have  not, 
as  yet,  been  verified  by  direct  experiment.  However, 
theoretically  it  is  clear  from  Eq.  (9)  that  reducing 
d  should  be  an  effective  method  of  reducing  Lc  at  short 
wavelengths. 


Conversion  Loss  and  Noise  Measurements 


The  sensitivity  of  Schottky  diodes  in  open -untuned 
mounts  was  measured  using  signal  and  local  oscillator 
sources  derived  from  separate  lasers.  The  radiation 
was  coupled  to  the  diode  through  a  whisker  (long  wire) 
antenna  which  also  functioned  as  the  electrical  contact 
to  the  diode.  Optimum  signal  was  obtained  using  a 
whisker  orientation  which  selectively  excites  the  main 
lobe  of  the  long  wire  antenna,  19  The  signal  and  local 
oscillator  consisted  of  two  optically  pumped  far  infra¬ 
red  waveguide  lasers.  20,21  -phe  beams  were  com¬ 
bined  using  a  beam  splitter  consisting  of  a  wire  grid  o 
polarizer  with  grid  lines  oriented  at  approximately  45 
to  the  laser  polarization.  With  both  lasers  oscillating 
on  the  same  transition,  intermediate  frequencies  up 
to  2  MHz  at  447  Jim  and  5  MHz  at  118.  8  Jim  could  be 
generated  by  tuning  each  far  infrared  laser  cavity  off 
resonance.  The  detected  signal  was  fed  to  a  10  MHz 
IF  amplifier  (26  dB  gain)  and  displayed  using  an  HP 
8553  spectrum  analyzer. 

The  power  available  at  the  signal  and  local 
oscillator  inputs  was  measured  with  a  Scientech 
Model  360  calorimeter.  This  is  a  bulk  absorbing  de¬ 
vice  which  has  been  calibrated  to  an  accuracy  of  t  20% 
for  the  wavelengths  used  in  these  measurements. 20,  21 
Following  combination  in  the  beam  splitter,  the  signal 
and  local  oscillator  beams  were  focused  onto  the 
whisker  with  a  5  cm  focal  length  spherical  mirror. 
Coupling  to  the  whisker  was  degraded  by  the  present 
geometrical  constraint  of  using  the  spherical  mirror 
off  axis.  The  shadowing  due  to  the  diode  mount  pre¬ 
cludes  an  on-axis  arrangement.  In  addition,  the 
spatial  nonuniformity  (higher  order  modes)  of  both 
signal  and  local  oscillator  prevented  good  beam  over¬ 
lap  at  the  focus. 

The  results  of  conversion  loss  measurements  at 
wavelengths  of  118.  8  Jim  and  447  Jim  using  the  1/2  Jim 
diameter  diodes  at  a  dc  bias  current  Ijc  =  100  JJA  are 
shown  in  Table  I.  The  Lc  values  represent  the  ratio 
(in  dB)  of  the  signal  laser  beam  power  to  the  power 
fed  to  an  impedance  matched  IF  amplifier.  These 
data  were  obtained  under  conditions  in  which  the  mixer 
was  sufficiently  LO  starved  that  both  the  signal  im¬ 
pedance  and  the  IF  impedance  of  the  device  was 
approximately  independent  of  LO  drive,  and  hence, 
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from  (5)  both  were  equal  to  (S  =  400  ohms, 

where  S  =  25  V  .  As  such,  the  input  impedance  of 
the  amplifier  was  adjusted  to  equal  400  ohms.  The 
LO  laser  beam  power  Plo  entpl°yed  is  shown  in  the 
second  column. 

The  minimum  detectable  signal  power  MDPj^  of 
a  mixer  referred  to  its  input  is  given  by5,22 

MDPM  =  k  Lc  TD  BIF  (10> 

where  T_  is  the  noise  temperature  of  the  mixer  diode 
measurea  at  the  IF  port  and  Bif  i3  the  IF  bandwidth. 
Measurements  of  Tj}  were  taken  at  frequencies  of 
I,  10,  30  and  105  MHz  with  I^c  =  100  4A.  A  strong 
l/fm  noise  spectrum  with  m  1  is  observed  at  the 
three  lower  frequencies  that  would  indicate  a  noise 
corner  frequency  fn  of  50  MHz  with  Ijc  =  100  4A. 

(Noise  corners  of  a  few  tens  of  megahertz  are  not  un¬ 
common  with  Schottky  diode  detectors.  At 
105  MHz,  a  Tta  of  approximately  300  K  is  obtained. 

Tj)  is  found  independent  of  LO  power  at  these  low 
levels  of  LO  drive-  this  is  consistent  with  previous 
observations.  2 5  From  these  noise  and  conversion 
loss  measurements,  the  MDPm  values  shown  in 
Table  1  are  calculated  using  (10)  with  =  300°K.  As 
such,  these  values  apply  only  for  IF  freauencies  above 
50  MHz. 

The  measurements  reported  in  this  paper  were 
confined  to  the  1/2  fim  diameter  diodes.  Preliminary 
video  responsivity  measurements  have  also  been  per¬ 
formed  on  the  1/4  fim  diameter  diodes.  A  comparison 
of  these  values  with  those  obtained  for  the  1  / 2  |lm 
diameter  diodes  under  similar  conditions  of  mount, 
whisker  antenna,  etc.  ,  does  indicate  improved  coupl¬ 
ing  efficiencies  with  the  1/4  #im  diode.  However,  the 
improvement  is  less  than  the  factor  of  16  predicted 
by  (8)  and  could  be  due  to  errors  in  measuring  diode 
size  and  fringing  effects  from  the  whisker  point.  Work 
is  now  in  progress  to  clarify  the  operating  character¬ 
istics  of  the  1  '4  4m  diodes. 
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(a)  (b> 

FIGURE  1.  The  equivalent  circuits  of  a  Schottky  barrier 
diode  for  (a)  frequencies  considerably  less 
than  the  plasma  resonance  frequency  and  (b) 
frequencies  nea^the  plasma  frequency  of  the 
semiconductor. 
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ABLE  1.  Mixing  results  using  *5  diameter  Schottky 
barrier  diodes. 


Fig.  2a  Fig.  2b 

Fig,  2  Scanning  electron  microscope  photographs  of  plated  Schi.”kv  diodes. 

The  insulating  layer  normally  present  has  been  stripped  away.  The 
photographs  were  taken  at  steep  angles  from  normal  incidence  to 
show  the  dimensions  of  the  diodes  at  their  base.  Figure  21>  is  a 
magnified  shot  of  one  of  the  diodes  shown  in  Fig.  2a.  * 
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A  NARROW  OUTPUT  LINEWIDTH  MULTIPLIER  CHAIN 


FOR  PRECISION  FREQUENCY  MEASUREMENTS  IN  THE  1  THz  REGION 
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Istituto  Elettrotecnico  Nazionale  "Galileo  Ferraris" 
Torino,  Italy 


of  coherent  equal  stability  standards  for 
a  metrological  frequency  scale; 

b)  would  allow  improvements  by  several  orders 
of  magnitude  in  the  precision  of  frequency 
measurements  of  spectral  lines,  giving  a 
suitable  absolute  reference  to  the  modern 
field  of  very  high  resolution  sub-Doppler 
spectroscopy; 

c)  could  indicate  a  spectral  line  of  some  sub¬ 
stance  with  superior  stability  characteris¬ 
tics  with  respect  to  the  Cs  resonance  and 
eventually  bring  to  a  new  frequency  stand¬ 
ard  with  better  performances  in  a  region 
where  it  could  be  also  a  wavelength  stand¬ 
ard  . 

Moreover  the  extension  to  higher  frequen¬ 
cies  of  the  region  where  precision  absolute 
frequency  is  possible  would  offer  to  the  commu 
nication  technology  new  possibilities  for  very 
wideband  channels. 


Summary 

A  multiplier  chain  is  described  which  is 
a  substantially  improved  version  of  the  one 
previously  used  at  IEN.  Starting  at  5  MHz,  a 
single  stage  xl2  multiplier  which  makes  use  of 
a  low  frequency  step  recovery  diode  provides 
at  60  MHz  a  1  mW  signal  suitable  for  narrow 
band  filtering  in  a  10  kHz  wide  quartz  filter. 
In  this  way,  from  oscillators  with  white  phase 
noise  floor  of  -140  dB,  a  coherent  "carrier" 
signal  is  obtained  at  half  a  THz  with  a  signal- 
to-noise  ration  of  about  10  dB  (in  1  kHz  band¬ 
width)  over  a  50  kHz  wide  pedestal. 

The  use  of  5  MHz  oscillator  with  better 
phase  stability  makes  our  chain  become  the  lim 
iting  factor,  with  a  white  phase  noise  floor 
of  -165  dB,  and  pushes  the  carrier  collapse 
frequency  of  the  system  up  to  10  THz.  A  sigial- 
to-noise  ratio  of  35  dB  (in  1  kHz  bandwidth) 
is  then  obtained  at  half  a  THz  with  a  25  kHz 
wide  pedestal  and  no  observable  carrier  line- 
width  with  the  selectivity  used. 

Further  ork  on  the  multiplier  may  bring 
the  carrier  collapse  frequency  of  the  system 
with  these  new  oscillators  as  high  as  30  THz 
or  more.  The  power  obtainable  from  this  chain 
at  the  different  harmonics  of  the  used  100  GHz 
klystron  is  not  impressive  (as  low  as  100  nW 
at  0.6  THz)  but  the  instrument  is  suitable  for 
precise  absolute  frequency  measurements  and 
high  resolution  spectral  analysis  in  the  THz 
region . 

Introduction 

The  generation  by  synthesis  of  signals  in 
the  far  and  near  infrared  with  a  usable  power 
and  high  stability  and  spectral  purity  is  a 
problem  which  is  being  investigated  in  many 
laboratories  around  the  world.  '2  The  reasons 
for  this  are  both  scientific  and  applicative. 

In  fact  the  availability,  in  that  region 
of  the  spectrum,  of  very  narrow  linewidth  sig¬ 
nals,  whose  frequency  is  directly  connected 
with  the  existing  frequency  standards  (Cs  beam 
tube ,  H  maser) : 

a)  would  make  possible  the  stabilization  of 
sources  in  the  infrared  providing  a  chain 


The  problems  that  arise  in  the  generation 
of  high  frequency  signals  are  essentially  two. 
One  is  that  the  power  obtainable  from  harmonic 
distortion  in  non-linear  devices  is  low  and 
high  number  harmonics  are  usually  difficult  to 
generate  (except  for  the  Josephson  junction); 
this  difficulty  however  can  be  overcome,  where 
a  tunable  source  is  available,  by  (offset)  lock 
ing  it  to  the  multiplied  signal. 

The  other  is  that  the  spectral  purity  of 
the  synthesized  signal  depends  on  the  phase 
noise  power  spectrum  of  the  source  used  so  that 
the  signal-to-noise  ratio  S/N  decreases  with 
the  square  of  the  multiplication  number. 


In  addition,  when  the  multiplication  num¬ 
ber  is  such  that  the  power  in  the  noise  side¬ 
bands  becomes  comparable  to  the  signal  power, 
the  power  ir.  the  carrier  Pc  decreases  dramati¬ 
cally  and  the  noise  pedestal  itself  begins  to 
widen. 2 ’ 4 

For  any  given  synthesizer  a  characteristic 
carrier  collapse  frequency  co1  may  be  intro¬ 
duced  for  which  the  carrier  power  is  reduced 
of  a  factor  e_1 .  In  order  to  increase  the  val¬ 
ue  of  >)co1  the  total  phase  noise  power #P  at  a 
given  frequency  must  be  decreased,  and  this 
can  be  done  only  by  reducing  the  bandwidth  of 


the  system  or  by  reducing  the  noise  of  the 
source  (or  of  the  multiplier,  whichever  is  bi£ 
ger) . 

The  two  things  are  obviously  not  equiva¬ 
lent  since  the  first  one  just  increases  the 
carrier  collapse  frequency  but  does  not  affect 
S/N  for  V<V°o1,  while  the  second  increases 
both  co1  and  the  S/N  ratio. 

Both  ways  have  been  experienced  at  IEN  in 
the  attempt  of  improving,  with  respect  to  the 
results  previously  obtained,  the  spectral  purjl 
ty  of  the  synthesized  signals  in  the  region 
below  1  THz.  4  The  performances  achieved  with 
the  new  synthesizers  are  described  in  this  pa¬ 
per. 

VHF  section  of  the  chains 

Since  the  phase  noise  of  a  multiplied  sig 
nal  increases  along  the  chain,  the  most  impor¬ 
tant  contributions  to  it  come  from  the  source 
and  from  the  first  stages  of  the  multiplier. 

For  this  reason  we  selected  the  oscilla¬ 
tors  with  the  lowest  phase  noise  available  on 
the  market,  and  spent  some  efforts  in  improv¬ 
ing  the  noise  of  our  chains. 

The  spectral  distributions  of  phase  noise 
power  in  the  best  oscillators  available  at  IEN 
are  shown  in  fig.  1  (curves  a  and  b)  together 
with  the  phase  noise  ,  reported  to  the  input, 
of  two  5  MHz  -  60  MHz  chains  (curves  and  c2)  . 

When  the  oscillators  corresponding  to 
curve  a  were  used  no  disturbance  was  brought 
by  the  phase  noise  of  the  multiplier,  so  that 
the  only  way  to  increase  Vco1  was  to  reduce 
the  bandwidth  of  the  system,  which  we  did  by 
inserting  a  quartz  crystal  filter  with  a  -3  dB 
half  bandwidth  of  12  kHz  at  60  MHz,  just  after 
the  first  stage  of  the  chain,  as  it  is  shown 
in  the  block  diagram  of  fig.  2;  fig.  3  gives 
the  transfer  function  of  the  filter. 

This  arrangement  led  to  a  carrier  collapse 
frequency  of  500  GHz,  which  is  a  factor  of  3 
higher  than  the  one  obtained  previously.2 

However,  when  new  5  MHz  oscillators  with 
better  spectral  purity  became  available  (curve 
b)  with  a  potential  '}co 1  of  50  THz  if  quartz 
filtered,  we  made  some  trials  to  improve  the 
noise  of  our  multipliers  in  order  to  exploit 
them  better. 

The  first  x  12  step  was  realized  both  with 
a  single  push-pull  bipolar  transistor  stage, 
and  with  a  step  recovery  diode  (SRD)  used  in 
the  circuit  of  fig.  4. 

The  phase  instabilities  of  these  two  cir¬ 
cuits  are  given  by  curves  c^fthe  cut-off  of 


the  crystal  filter  is  not  shown  here)  and  c2 
in  fig.  1;  the  SRD  shows  an  improvement  in  the 
white  noise  floor,  probably  due  to  the  simpli£ 
ity  of  the  circuit  and  the  absence  of  any  oth¬ 
er  resistive  component  than  the  diode,  but  an 
increase  of  the  flicker  noise,  probably  due  to 
the  recombination  of  carriers  in  the  SRD. 

With  the  new  oscillators  and  the  quartz 
filtered  SRD  stage  a  carrier  collapse  frequen¬ 
cy  of  10  THz  was  obtained.  Work  is  in  progress 
on  a  varactor  stage  from  which  superior  chara£ 
teristics  are  expected  both  in  the  phase  noise 
and  in  the  AM  -  PM  conversion.5 

All  the  three  schemes  provide  indeed  at 
their  outputs  a  power  level  suitable  for  a 
quartz  filter. 

After  crystal  filtering  and  amplification 
at  60  MHz  the  power  necessary  for  driving  a 
SRD  to  reach  X  band  is  provided  at  480  MHz  by 
three  cascaded  doublers:  one  push-pull  bipo¬ 
lar  transistor  stage  and  two  overlay  transistor 
multipliers. 

Spectral  analysis  of  the  synthesized  signals 

A  few  experiments  were  carried  out,  both 
with  the  old  and  the  new  oscillators,  by  ana¬ 
lyzing  with  coherent  sources  the  signal  produ£ 
ed  by  the  chain  at  different  synthesized  fre¬ 
quencies  . 

The  pedestal  linewidth  At  p  and  the  signal 
-to-noise  ratio  S/N  can  be  in  this  way  compar¬ 
ed  with  the  values  predicted  by  the  theory  for 
the  measured  data  of  the  chains  and  oscilla¬ 
tors  usrd. 

Fig.  5  shows  the  beat  note  obtained  from 
a  Schottky  barrier  diode  by  mixing  the  signal 
from  the  chain  with  the  output  of  an  optically 
pumped  CH3F  laser  at  604  GHz  built  at  the  Uni¬ 
versity  of  Pisa  in  a  cooperation  research  aim¬ 
ing  at  the  experimental  analysis  of  the  feasi¬ 
bility  of  a  submillimetric  atomic  frequency 
standard . 

The  oscillator  and  multiplier  phase  noise 
spectra  correspond  in  fig.  1  to  curves  a  and 
c2  respectively. 

The  IF  bandwidth  was  300  Hz  in  this  regis 
tration  and  a  small  coherent  signal  could  be 
seen  in  a  linear  display  over  a  pedestal  ap¬ 
proximately  50  kHz  wide.  Avp  was  evaluated  by 
comparison  with  other  logarithmic  registra¬ 
tions.  The  insertion  of  the  quartz  filter  at 
60  MHz  allowed  in  this  way  a  significant  im¬ 
provement  of  the  synthesized  spectrum  at 
600  GHz  (see  previous  registrations'* ) . 


When  the  new  quartz  oscillator  was  used, 
the  phase  noise  of  the  chain  became  the  basic 


limitation  for  the  spectral  purity  in  the  far 
infrared  region. 

Fig.  r>  shows  the  spectrum  of  this  new  syn 
thesizer  observed  at  9.6  GHz  with  a  1  kHz  IF 
bandwidth . 


f-4;  the  other  symbols  used  in  fig.  8  are  ex¬ 
plained  in  the  caption. 

The  circles  are  experimental  points  and 
the  arrows  represent  experimentally  determined 
1  imitations . 


From  this  chain  a  300  MHz  beat  note  was 
obtained  in  a  Josephson  point  contact  diode 
by  beating  the  97th  harmonic  of  the  9.18  GHz 
signal  from  the  chain  with  the  890.760  GHz 
output  of  an  HCN  laser. 

This  measurement  was  made  at  the  "Insti- 
tut  d * Electronique  Fondamentale"  in  Orsay, 
France,  using  an  HCN  laser  and  the  Josephson 
mixer,  developped  in  that  laboratory. 

A  couple  of  mW  from  the  laser  and  4  mW 
from  the  chain  were  fed  into  the  mixer. 


Conclusions 

A  few  experimental  results  have  been  pre¬ 
sented  on  the  spectral  purity  obtained  in  syn¬ 
thesized  frequencies  in  the  far  infrared  re¬ 
gion.  Our  multiplier  chains  must  be  improved 
in  order  to  exploit  completely  the  high  spec¬ 
tral  purity  of  new  5  MHz  crystal  quartz  oscil¬ 
lators  which  can  assure  in  principle  multipli¬ 
ed  coherent  signals  beyond  30  THz  (C02  laser). 
Beside  the  direct  frequency  measurement  of 
sources  in  the  far  infrared,  the  phase  lock  of 
molecular  lasers  as  well  is  allowed  by  means 
of  these  chains. 


Unfortunately  the  low  power  level  of  the 
beat  note  prevented  us  from  achieving  a  com¬ 
plete  determination  of  S/N  and  A^p ■  S/N  was 
estimated  to  be  more  than  12  dB  with  10  kHz 
IF  bandwidth. 

Fig.  7  shows  the  spectrum  of  a  beat  note 
obtained  between  the  chain  and  an  optically 
pumped  (R  (18)  line  of  a  C02  laser)  formic  ac 
id  laser  built  at  PTB  in  Braunschweig,  Germa¬ 
ny.  In  this  occasion  a  Schottky  barrier  mixer 
was  used  in  an  open  structure. 
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The  frequency  of  the  laser  line  was  mea¬ 
sured  to  be  761.6077  GHz  and  S/N  resulted  to 
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Fig.  1  -  Spectral  densities  in  rad2/Hz  of 
phase  fluctuations: 
a),  b)  5  MHz  crystal  controlled  os¬ 
cillators; 

c)  phase  noise  of  IEN  measurement 
circuit; 

cl).  C2)  noise  of  the  chains  measured 
at  60  MHz  and  referred  to  the  input, 
respectively  for  transistor  and  step- 
recovery  diode  multiplier. 


F1g-  2  ~  Block  diagram  of  the  multiplier  chain 
from  5  MHz  to  480  MHz. 


lig-  -3  "  Transfer  function  of  the  60  MHz  quartz 
band-pass  filter. 


4  -  Electric  circuit  of  the  first  multi¬ 
plier  stage  with  a  step  recovery  di¬ 
ode  and  a  quartz  filter  at  the  out¬ 
put. 
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VERTICAL:  LINEAR  SCALE 


Fig.  5  -  Spectrum  of  the  beat  note  between  a 
CH3F  laser  (604.3  GHz)  and  the  sixth 
harmonic  of  a  millimetric  klystron 
(100.3  GHz).  S«p  of  the  5  MHz  quartz 
oscillator  and  multiplier  chain 
shown  in  fig.  1,  a  and  c2  respective 
ly.  The  IF  bandwidth  is  300  Hz. 


Fig.  6  -  9.6  GHz  spectrum  (1  kHz  IF  bandwidth) 
of  the  multiplier  chain  c2  using  an 
oscillator  with  S^>  given  in  fig.  1, 


Fig.  8 


Fig .  7  -  Spectrum  of  the  beat  note  between  a 
HCOOH  laser  (761.6  GHz)  and  the  11th 
harmonic  of  a  millimetric  klystron 
(69  GHz).  The  IF  bandwidth  is  3  kHz. 
Curves  b  and  c2  in  fig.  1  give  the 
Sf  spectrum  of  oscillator  and  chain 
respectively. 


Synthesized  frequency 

-  Curves  of  S/N  in  100  Hz  bandwidth 
andA'Ip  for  multiplier  chains  built  at 
IEN  a^ ,  a2 ,  b2  and  foreseen  charac¬ 
teristic  of  the  next  chain  b'.  Cir¬ 
cles  refer  to  measured  values,  ar¬ 
rows  refer  to  measurements  with  ex¬ 
ternal  factors  limiting  the  evalua¬ 
tion  of  experimental  data.  With  ref¬ 
erence  tO  Srf  of  fig.  l. 
aj  :  combination  of  a  and  Cj; 
a2:  combination  of  a  and  c2; 
b2:  combination  of  b  and  c2; 
b' :  combination  of  b  and  a  chain  with 
a  filter  having  the  same  band¬ 
width  as  in  c2  and  with  a  noise 
level  not  impairing  that  of 
source  b. 
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ABSTRACT 

A  carefully  controlled  microwave  experiment  using 
point-contact  Josephson  junctions  (PCJJ)  is  reported. 

The  experiment  measures  the  IF  power,  PIp,  generated  in 
low-order  frequency  multiplication  and  mixing.  Also 
measured  is  the  number  of  induced  steps  produced  by  the 
microwave  source.  Four  characteristics  possessed  by 
PCJJ ' s  which  gave  the  largest  P  are  described.  These 
criteria  are  compared  to  those  which  were  obtained  in 
studies  previously  reported.  There  is  good  agreement 
with  three  of  these  criteria  and  the  discrepency  with 
the  fourth  is  discussed  in  detail.  An  operational  pro¬ 
cedure  for  fabricating  a  good  PCJJ  is  described.  The 
four  most  important  potential  high  frequency  limitations 
of  a  PCJJ  are  discussed  with  respect  to  the  experimental 
results.  This  paper  reports  the  use  of  a  non-supercon¬ 
ducting  whisker  plated  with  a  superconductor. 

INTRODUCTION 

At  the  National  Bureau  of  Standards  we  intend  to 
phase-lock  a  far-infrared  (FIR)  laser  to  an  X-band 
signal  (1-3).  The  aim  is  to  be  able  to  compare  the  fre¬ 
quency  of  a  microwave  source  to  that  of  a  laser  source, 
without  losing  cycle  identification,  at  laser  frequencies 
at  least  as  high  as  4.25  THz  (70.5  urn).  The  large 
frequency  multiplication  orders,  N,  required  indicate 
that  the  point-contact  Josephson  junction  (PCJJ)  is 
presently  the  best  candidate  for  the  multiplier  and 
mixer.  This  paper  discusses  a  microwave  experiment 
aimed  at  improving  the  understanding  and  reliability 
of  PCJJ's. 


(1)  The  critical  current,  I  ,  should  be  of  the 

o 

order  of  250  PA.  Critical  currents  lower  than 
50  PA  and  higher  than  1  mA  are  outside  the 
optimum  range. 

(2)  The  product,  IqR,  (where  R  is  the  asymptotic 
resistance  of  the  junction)  should  be  of  the 
order  of  1  mV  or  greater. 

(3)  The  undriven  I-V  curve  should  show  evidence  of 
an  "energy-gap"  structure.  (The  dc  component 
of  the  total  current  through  the  junction  is 

I  and  that  component  of  the  voltage  across  it 
is  V.) 

(4)  The  junction  should  show  at  least  the  first 
step  in  the  I-V  curve  due  to  the  laser  drive, 
v, 

laser. 


Presumably  these  empirical  observations  have  an 
important  relationship  to  the  four  major  features  that 
potentially  limit  the  N  value  and  maximum  value  of 


laser. 

(a) 


These  limitations  are: 

The  spreading  of  the  spectrum  of  the  super¬ 
current  as  N  increases  (81.. 


(b)  High-frequency  limitations  of  the  Josephson 
effect  due  to  the  finite  binding  energy 
(i.e.,  the  energy  gap)  of  superconducting 
electron  pairs  (9). 

(c)  Localized  heating  (due  to  the  driving  sources) 
which  lowers  I  [10] . 

(d)  The  shunting  of  high-frequency  currents  due 
to  the  non-zero  capacitance  of  the  contact 


While  the  PCJJ  has  performed  N  -  401  (starting  at 
X-band)  (4)  and  N  =  825  (starting  at  1  GHz) (5)  the 
reliability  is  inadequate  for  the  present  application. 
The  practical  problem  is  to  learn  how  to  make  PCJJ's 
of  sufficient  quality  and  reliability.  Junctions 
capable  of  giving  a  signal- to-noise  ratio  of  at  least 
20  dB  (in  a  1  kHz  bandwidth)  for  N  =  500  is  the  goal. 

The  empirical  results  of  NBS  (6)  and  those  of  NPL 
(7)  evolved  four  criteria  which  appear  to  characterize 
a  good  PCJJ  for  use  at  large  N  and  specifically,  where 
the  upper  frequency  source  is  in  the  FIR.  They  are: 


Ill). 

II.  THE  EXPERIMENT 

In  the  experiment  reported  here,  both  simple 
mixing  (N  *  1),  and  third  harmonic  generation  and 
mixing  (N  «  3)  are  studied.  Two  X-band  sources  are 
used  in  the  first  case,  and  an  x-band  and  a  K-band 
source  are  used  in  the  second.  The  measured  quantities 
are  the  intermediate  frequency  power,  and  the 

voltage  extent  of  the  steps  in  the  I-V  curve  produced 
by  the  microwave  sources  (7,  12,  13). 


HI 
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Experience  has  shown  -  but  not  satisfactorily 
explained  -  the  importance  of  several  parameters  to  the 
generation  of  a  useful  level  of  P^.  These  are:  the 
maximum  supercurrent,  Iq;  the  asymptotic  resistance,  R; 
the  product,  IQR;  and  the  dc  component  of  the  voltage 
across  the  junction,  V  [4,  14-17].  Figure  1  defines 
these  quantities. 

A  block  diagram  of  the  experimental  set-up  is  given 
in  figure  2.  A  few  comments  need  to  be  made  about  some 
of  the  components:  When  the  microwave  switch  is  in 
positions  2  or  3,  the  junction  is  irradiated  with  both 
microwave  sources  and  the  system  is  set  up  for  measuring 
PIF'  when  the  switch  is  in  position  1,  the  junction  is 
only  irradiated  by  source  #1  and  the  system  is  set  up 
for  measuring  steps  in  the  I-V  curve. 

The  break  between  the  waveguide  and  coaxial  tees, 
and  the  1.4  GHz  coaxial  filter,  provide  isolation  such 
that  the  PCJJ  is  the  only  dc  path  that  the  bias  box 
sees.  This  allows  a  known  bias  to  be  put  on  the  junction 
and  permits  observation  of  the  I-V  curve.  In  addition 
to  this  function,  the  coaxial  filter  provides  impedance 
matching  at  v^p  (=  1.4  GHz)  and  rejection  of  the  two 
microwave  drives. 

The  Josephson  junction  mount  fits  directly  into  an 
ordinary  storage  dewar  and  is  coaxial  in  structure.  The 
whisker  for  the  junction  forms  the  extreme  end  of  the 
center  conductor,  and  the  post  forms  a  short  at  the  end 
of  the  shield.  The  probe  is  inserted  into  the  dewar 
with  the  junction  open  (i.e.,  the  whisker  not  contacting 
the  post)  and  the  junction  is  closed  only  after  the 
device  comes  to  temperature.  This  allows  the  formation 
of  contacts  of  sufficient  sensitivity  to  be  of  interest. 

III.  EXPERIMENTAL  RESULTS 

Table  I  displays  the  two  variables,  PJf,  and  voltage- 
extent  of  steps,  versus  the  four  parameters.  Rather 
than  list  the  total  number  of  observable  microwave 
steps,  I  have  listed  that  value  of  V  at  which  the  last 
observable  step  occurs.  (Steps  whose  full  height  was  as 
small  as  about  5  pA  were  observable.  With  reduction  of 
the  noise  fed  to  the  junction  It  is  possible  to  study 
steps  as  small  as  a  few  nanoamperes  [18] .  In  retro¬ 
spect,  it  is  unfortunate  that  it  was  not  possible  to 
resolve  smaller  steps  because  this  might  have  permitted 
a  more  definitive  interpretation  of  the  data  (see 
Section  IV) | .  The  reason  for  this  is  that  the  self 
oscillation  frequency  is  directly  proportional  to  V 


(Vj  =  484  MHz/pV)  and  the  appearance  of  a  step  is 
evidence  of  a  zero-beat  between  and  a  harmonic  of  the 
drive  signal.  The  original  thought  was  that  the  extent 
of  the  steps  in  any  given  junction  would  be  a  measure  of 
the  high-frequency  cut-off  of  that  junction.  This  does 
not,  however,  seem  to  be  the  case. 

There  are  several  main  features  to  be  noted  in  this 
table : 

(1)  If  PIF  is  greater  than  about  40  dB  above  the 
noise  (in  a  30  kHz  bandwidth),  steps  are  not 
observed.  If  p  is  less  than  about  40  dB 
there  are  (usually)  well  defined  steps. 

(2)  Based  on  21  contacts,  P  greater  than  50  dB 

above  the  noise  correlates  fairly  well  with 

I  R  >  0.8  mV. 
o 

(3)  Based  on  21  contacts,  the  absence  of  steps 
correlates  rather  well  with  R  >  2  ohms. 

(4)  Based  on  11  contacts,  the  voltage  extent  of 

the  steps  is  not  well  correlated  with  I  . 

-  o 

Several  other  things  are  important  to  mention:  At 
the  time  these  data  were  taken,  it  was  not  possible  to 
measure  asymptotic  resistance  smaller  than  about  1  ohm. 
Thus,  for  many  contacts,  an  accurate  value  of  IqR  is  not 
available  and  the  corresponding  IqR  element  has  been 
left  blank. 

An  entry  of  N.H.  in  the  PJF  column  just  means  that 
PjF  was  sufficiently  low  as  not  to  be  of  interest, 
say,  less  them  35  dB. 

If  the  initial  or  subsequent  contacts  of  the  whisker 
to  the  post  are  too  violent,  then  the  whisker  will  be 
blunted  to  the  extent  that  a  hysteretic  I-V  curve  may 
result.  An  entry  of  Y  in  the  hysteretic  column  means 
that  this  has  happened.  Further  discussion  of  this 
subject  is  given  at  the  end  of  this  section. 

The  output,  ?jp,  does  not  necessarily  have  a 

single  maximum  versus  V.  In  fact,  for  low  levels  of 

microwave  drive,  there  will  be  very  sharp  peaks  in  P 

versus  V  [8].  However,  as  the  drive  power  is  increased 

these  several  maxima  broaden  until  finally  there  is  but 

a  single  very  broad  maximum.  [Actually,  a  maximum  for 

positive  V  and  one  for  negative.]  Sometimes  the  maximum 

output  that  could  be  obtained  occured  before  these 

maxima  coalesced.  In  any  case,  the  last  column  lists 

that  value  of  V  corresponding  to  the  set  of  P .  .  and 

ariv« 


V  values  that  maxi.mi.zed  Pj  .  All  the  p  data  of  Table 

I  (and  the  corresponding  V's)  were  taken  for  N=3.  For 

this  case,  P_„  is  much  less  sensitive  to  P„  .  .  than 

IF  K-band 

it  is  to  P„  .  . .  to  first-order,  (for  the  N  *  3  case) 

X-band 

the  optimum  drive  level  (and  this  applies  to  both 
sources)  is  that  which  produces  the  maximum  number  of 
steps  in  the  I-V  curve.  (It  might  be  suggested  that  the 
smaller  amount  of  p  that  occured  with  the  low  re¬ 
sistance  junctions  was  just  an  impedence  matching 
problem.  This  does  not  appear  to  be  the  case.  A  sepa¬ 
rate  test  indicates  that  the  coaxial  filter  (fig.  2)  can 
be  adjusted  to  provide  a  good  match  to  junctions  ranging 
from  1  ohm  to  about  200  ohms.  The  filter  was  adjusted 
to  maximize  P  for  each  contact.  ] 

The  data  of  Table  I  were  taken  using  six  different 
whiskers.  Three  of  the  whiskers  were  made  from  solid 
niobium  (Nb)  wire  of  0.005  cm  (0.002  inches)  diameter. 
One  was  made  from  solid  Mb  of  0.013  cm  (0.005  inch) 
diameter.  The  other  two  were  made  from  presharpened 
0.005  cm  (0.002  inch)  diameter  tungsten  (W)  wire  which 
was  subsequently  plated  with  about  1  pm  of  Nb.  To  my 
knowledge,  the  present  work  represents  the  first  use  of 
plated  PCJJ's  for  multiplication  and  mixing.  The  solid 
Nb  whiskers  were  pointed  by  etching  in  pure  hydrofluric 
acid. 

An  examination  of  the  table  shows  that  for  every 
case  in  which  Pip  was  greater  than  40  dB  above  the 
noise,  the  whisker  used  was  either  the  0.013  cm  (0.005 
inch)  diameter  solid  Nb  or  of  the  Nb-plated  W  type.  The 
probable  reason  for  this  is  the  extreme  difficulty  in 
making  a  junction  with  a  large  IqR  product  and  with  I 
of  the  order  of  25o  pA  when  using  the  0.005  cm  (0.002 
inch)  Nb  whisker.  The  usual  problem  is  that,  as  a 
person  attempts  to  get  an  acceptably  large  IQ,  the  tip 
bends  over  and  presumably  such  a  large  contact  area 
results  that  the  contact  resistance  becomes  quite  small 
and,  at  the  same  time,  the  supercurrent  becomes  exces¬ 
sively  large. 

A  person  intuitively  feels  that  the  Iq ,  R  and 
capacitance  values  of  a  given  junction  will  depend  upon 
whisker  preparation  (e.g.,  sharpness  of  point,  state  of 
oxidation)  and  upon  the  procedure  of  contacting  the 
whisker  to  the  post.  The  junctions  that  are  available 
for  study  in  a  given  experiment  will  then  depend  upon 
these  fabrication  conditions  and  their  variability.  As 
the  discussion  in  items  c  and  d  of  section  IV  imply, 
important  things  go  on  in  dimensions  that  are  of  the 
order  of  the  wavelength  of  visible  light  and  smaller. 


If  one  understood  the  microscopic  details  of  the  contact 
he  might  be  able  to  explain  why  some  contacts  work  well 
and  others  don't.  In  the  absence  of  this  knowledge  one 
can  only  hope  for  a  procedure  that  has  a  high  probability 
of  producing  high  quality  junctions.  During  the  course 
of  the  present  work  such  a  procedure  was  developed  and 
is  described  in  the  appendix. 

IV.  DISCUSSION 

With  section  III  as  background,  it  is  now  appropri¬ 
ate  to  reexamine  points  1-4  of  section  I. 

The  data  of  Table  I  correlate  well  with  the  idea 

that  I  needs  to  be  of  the  order  of  250  UA  to  produce 

good  P  .  It  might  be  suggested  that  the  Iq  criterion 

and  the  IqR  criterion  are  not  independent,  that  setting 

IQ  to  about  250  uA  automatically  gives  a  large  IqR 

product  (The  theoretical  maximum  I  R  for  Nb  is  -  2.4  mV). 

o 

Table  I  seems  to  deny  this  because  there  are  four  contacts 

(#'s  16,  11,  20  and  7)  that  satisfy  the  I  criterion  but 

o 

whose  resistance  is  low.  It  appears,  therefore,  that  an 
I  R  product  of  the  order  of  1  mV  or  greater  is  an 
independent  and  important  criterion. 

With  respect  to  the  energy-gap,  four  of  the  21  con¬ 
tacts  exhibit  energy  gap  structure  in  their  I-V  curves. 
Figure  1  is,  in  fact,  the  I-V  curve  of  contact  18.  Each 
of  these  four  contacts  produced  PIp  of  53  dB  or  greater. 
The  largest  other  output  was  51  dB  produced  by  contact 
15  and  it  exhibited  a  "pathological"  I-V  curve.  It  is 
important  to  note  that  the  energy  gap  criterion  corre¬ 
lates  very  well  with  the  I  and  I  R  criteria  discussed 
o  o 

in  the  preceeding  paragraph. 

Regarding  steps  in  the  I-V  curve,  the  most  sur¬ 
prising  result  is  the  strong  negative  correlation 
between  the  presence  of  microwave  steps  in  the  I-V 
curve  and  the  level  of  PIp.  I  do  not  have  a  quantitative 
explanation  for  this,  There  are,  however,  two  quali¬ 
tative  things  that  can  be  said  about  factors  that  make 
steps  difficult  to  see.  First,  noise  will  round  the 
edges  of  the  steps.  The  lower  the  frequency  of  the 
source  which  produces  the  steps,  the  closer  spaced  the 
steps  will  be.  Close  spacing  in  addition  to  noise 
rounding  decreases  the  clarity  of  the  steps.  Second, 
for  a  given  voltage  spacing  Av  between  steps,  the  current 
spacing  between  their  centers,  Al,  will  decrease  with 
increasing  resistance,  i.e.,  Al  •  Av/R.  If  some 
mechanism  prohibits  the  steps  from  being  hysteretic, 
then  their  full  height  is  limited  to  Al.  Apparently 
such  a  mechanism  exists  because  the  only  induced  steps 


(of  which  I  am  aware)  that  show  hysteresis  are  associ¬ 
ated  with  a  closely  coupled  cavity  resonance  [19]  which 
is  not  the  case  in  the  present  work.  Zimmerman  and 
Sullivan  have  proposed  that  the  absence  of  hysteresis 
in  induced  steps  is  due  to  noise  which  causes  the 
junction  to  make  a  transition  from  the  higher  to  the 
lower  of  the  two  possible  energy  states  [20] . 

In  the  present  experiment,  steps  were  produced 
with  the  K-band  source  as  well  as  the  X-band.  This  was 
done  by  setting  the  attenuator  for  source  #1  (the  X-band 
source  common  to  both  the  N=1  and  N=3  experiments)  to 
maximum.  The  switch  was  then  put  in  position  3  and  the 
junction  irradiated  with  the  K-band  source.  Any  contact 
for  which  X-band  steps  could  be  produced  also  produced 
K-band  steps.  A  contact  that  would  not  show  X-band 
steps  did  not  show  K-band  steps.  The  qualitative 
arguments  given  above  probably  bear  on  the  unobserva¬ 
bility  of  the  steps  but  a  quantitative  explanation  is 
lacking. 

An  important  practical  problem  when  a  laser  is 
used  as  the  high  frequency  source  is  the  difficulty  in 
focusing  upon  the  junction.  In  the  past-  when  failing, 
after  some  effort  at  trying  to  get  the  PCJJ  to  respond 
to  the  laser  -  the  quality  of  the  junction  has  come 
into  question.  I  presently  believe  that,  if  the  Iq, 

IqR,  and  energy  gap  criteria  are  all  met,  the  junction 
is  vindicated. 


frequency  of  about  720  GHz.  Since  the  highest  drive 
frequency  in  this  experiment  was  25.1  GHz,  energy  gap 
effects  should  not  have  been  a  limitation.  The  laser 
experiments  which  are  planned  [2]  will  involve  fre¬ 
quencies  from  't  600  GHz  to  4.25  THz  (4250  GHz).  Pre¬ 
sumably  the  energy  gap  effect  will  then  become  important. 
Whether  it  will  be  possible  to  sort  out  the  effects,  a-d, 
one  from  another  remains  to  be  seen. 

The  present  experiment  does,  however,  have  a 
potentially  important  bearing  on  this  effect.  The 
success  in  getting  high  quality  junctions  by  plating  Nb 
on  W  probably  means  that  other  superconducting  materials 
would  also  work.  Thus,  for  example,  it  may  be  possible 
to  use  Nb^Sn  or  Nb^Ge  and  essentially  double  the  cutoff 
frequency  due  to  this  effect. 

Item  c:  Heating 

The  analysis  of  Tinkham  et  -\l  [10]  on  high  fre¬ 
quency  limitations  due  to  heating,  contains  a  parameter, 

P  .  This  is  essentially  the  level  of  ac  power,  absorbed 
by  the  junction,  at  which  heating  effects  become  important. 
They  estimate  the  value  of  Pq  to  be  10  yW.  (This  is 
based  on  adjusting  the  parameters  of  the  theory  to  give 
a  junction  resistance  (at  large  V)  which  is  of  the  order 
of  10  ohms.]  For  the  best  contacts  (17,  18,  21,  22), 
the  local  oscillator  power  at  the  top  of  the  Josephson 
junction  probe  ranges  from  36  yW  (#22)  to  5  yW  (#18) . 


Consider  now,  items  a-d  of  section  Is 
Item  a:  Spectrum  spreading 

The  present  experiment  typically  showed  a  10-13 
db  decrease  in  maximum  PJF  between  the  N*1  and  N=3 
cases.  The  frequencies  involved  preclude  this  fall-off 
being  due  to  energy  gap  or  capacitance  effects  (items 
b  and  d) .  The  experiment  was  performed  such  that  the 
junction  properties  remained  essentially  unchanged 
between  the  N=*l  and  N=3  cases  for  any  given  contact. 

The  measured  fall-off  should  therefore  be  a  legitimate 
measure  of  the  spreading  of  the  supercurrent  with 
increased  N  value.  In  the  absence  of  a  quantitative 
theory  (based  on  the  constant-current  model)  of  PJF 
versus  the  several  parameters  discussed  in  this  paper, 
the  only  further  thing  to  be  said  is  that  the  optimum 
"local  oscillator"  power  in  the  N-l  case  was  from  6.5 
to  11  dB  less  than  that  for  the  N-3  case. 

Item  b;  Energy  gap 

For  Nb,  the  binding  energy  (proportional  to  the 
energy  gap)  of  an  electron  pair  corresponds  to  a 


Since  the  characteristic  impedance  of  the  uniform 
part  of  the  JJ  probe  is  50  ohms,  the  estimated  values  of 
absorbed  power  for  #’s  22  and  18  are  0.16  yW  and  0.50  yW 
respectively.  I  would,  therefore,  tentatively  conclude 
that  heating  was  not  a  significant  limitation  in  this 
experiment.  Estimating  the  drive  level  necessary  to 
maximize  for  a  laser  frequency  of  4.25  THz  (N  -  460), 
on  the  basis  of  the  constant-voltage  model  (14] ,  yields 
about  8  mW.  It  seems  highly  likely  then,  at  the  highest 
frequencies  to  which  we  intend  to  go,  that  heating 
will  be  a  limitation. 

Item  d:  Capacitance 

Stewart  has  shown  that  when  a  junction  is  shunted 
by  a  sufficiently  large  capacitance,  the  resulting  I-V 
curve  will  be  hysteretic  (21] .  Others  have  realised  this 
effect  experimentally.  A  number  of  hysteretic  I-V  curves 
were  obtained  during  the  course  of  the  present  experi¬ 
ment.  They  are  detrimental  to  obtaining  good  PIp. 

Based  on  Stewart's  work,  an  estimate  has  been  made  of  the 
capacitance  required  to  produce  a  hysteretic  I-V  curve 
typical  of  the  present  experiment.  The  result  is  6.6  x 


mixer.  They  are: 


10  3-3  Farads.  If  it  is  assumed  that  this  capacity 
results-  from  a  dielectric  barrier  between  the  post  and 
the  tip  of  the  whisker  (assuming  t  =  25  t  -  the 

approximate  dielectric  constant  of  n  bium  oxide  -  and 
-9 

a  barrier  thickness  of  10  m  =  10  A°)  then  the  cross 
sectional  dimension  of  the  effective  parallel -plate 
capacitor  would  be  1.7  pm. 

Microscopic  examination  of  whiskers  which  have 
produced  hysteretic  I-V  curves  shows  them  to  be  blunted 
and  with  a  flattened  area  whose  cross  sectional  dimen¬ 
sion  is  of  the  order  of  2  u®-  It  is  essential  to  note, 
however,  that  on  several  occassions,  whiskers  which 
have  produced  hysteretic  I-V  curves  have  been  recon¬ 
tacted  and  the  resulting  I-V  curve  has  not  been  hyster¬ 
etic.  in  addition,  junctions  have  been  formed  which 
never  showed  hysteresis  and  upon  subsequent  examination 
there  was  essentially  no  evidence  of  blunting.  I  tend 
to  agree  with  Zimmerman  that  the  usual  contact  dimen¬ 
sion  is  usually  significantly  smaller  than  the  radius 
of  curvature  of  the  tip  (11] .  Although  the  above 
calculation  gives  an  upper  limit  to  the  capacitance,  I 
know  of  no  way  to  calculate  a  believable  lower  limit. 

As  additional  feeling  for  the  numbers  involved,  if  the 

cross  sectional  dimension  were  0.5  um  then  the  capaci- 
14 

tance  would  be  5.5  x  10  Farads  and  the  resulting 
cutoff  frequency  would  be  about  0.6  THz. 

An  additional  comment  about  high  frequency  limita¬ 
tions:  The  maximum  P^  obtained  for  the  N=3  case  was 
»  3  x  10  10  watts.  If  were  proportional  to  N  2, 

then  the  output  power  at  4.T5  THz  would  be  about  1  x 
-14 

10  watts.  Previous  experience  with  essentially  this 
same  condition  (extrapolated  from  N  =  401  to  N  s  461) 
yielded  about  2  x  10  ^  watts  [4).  There  has  been  some 

experimental  evidence  for  a  fall-off  in  output  going 
-2 

as  N  and  an  analytical  prediction  of  such  behavior 
[4,7).  The  data  of  Blaney  et  al  suggests,  however, 
that  the  fall-off  is  more  rapid  if  the  laser  frequency 
is  above  ^  1  THz  [9).  In  sum:  the  spectrum  spreading 
effect  almost  surely  increases  monotonically  with 
increasing  N  value.  For  large  N  and  large  values  of 
'laser'  it  1S  that  heating  will  be  important; 

energy  gap  effects  probably  will  be  important,  and  a 
significant  degradation  due  to  contact  capacitance 
cannot  be  ruled  out. 

V.  CONCLUSIONS 

At  microwave  frequencies,  there  are  three  character¬ 
istics  which,  if  simultaneously  present,  appear  to 
assure  a  PCJJ  which  is  a  good  frequency  multiplier  and 


(1)  the  critical  current,  I  ,  should  be  of  the 

o 

order  of  250  UA, 

(2)  the  undriven  I-V  curve  should  display  "energy 
gap"  structure, 

and  (3)  the  IqR  product  should  be  of  the  order  of  1 
mV  or  greater. 

The  criterion  of  steps  in  the  I-V  curve,  which  is 
useful  at  Laser  frequencies,  presents  difficulties  at 
microwave  frequencies  and  this  is  discussed  in  the  text. 

The  operational  procedure  -  described  in  the  appen¬ 
dix  -  of  fabricating  a  PCJJ  has  a  high  probability  of 
producing  a  good  junction.  In  particular,  the  use  of  a 
tungsten  whisker  plated  with  a  superconductor  appears 
to  be  of  significant  importance  in  application. 

There  are  four  major  effects  that  have  potential 
for  degrading  multiplication  and  mixing  performance  at 
high  frequencies.  However,  it  is  difficult  to  assess 
their  absolute  or  even  their  relative  effects  at 
frequencies  above  about  1  THz.  The  present  paper  does, 
however,  give  quantitative  information  anout  spectruir 
spreading  in  going  between  the  N=1  and  N=3  cases  at 
microwave  frequencies. 
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APPENDIX 

During  the  course  of  this  work,  a  procedure  has 
evolved  which  I  have  found  to  be  very  useful  in  pro¬ 
ducing  a  useable  contact.  In  this  procedure,  one  lead 
of  an  ordinary  ohmeter  (multimeter)  is  connected  to 
the  post  and  the  other  to  the  whisker.  The  ohmeter  is 
set  to  the  xlOO  scale  and,  if  the  contact  is  carefully 
made,  the  initial  contact  resistance  -  as  indicated  by 
the  meter  -  is  usually  a  few  hundred  ohms  r  more.  The 
supercurrent  at  that  time  is  almost  always  unacceptably 
small  (less  than  50  uA) .  The  next  step  is  not  to 
further  increase  the  pressure  upon  the  contact  (which  will 
usually  blunt  the  point)  but  rather  to  change  the  scale 
of  the  ohmeter  to  xlO  and,  perhaps,  to  xl.  [On  the 
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xlOO  scale  I  try  and  get  a  junction  to  stabilize  at 
about  200  ohms.  A  200  ohn  resistor  draws  2.3  mA  on 
this  scale.  Subsequent  switching  of  a  PCJJ  down  to 
the  xlO  scale  usually  results  in  a  resistance  of  20  - 
30  ohns.  A  26  ohn  resistor  draws  19  mA  on  this  scale. 
Switching  to  xl  usually  results  in  a  3-5  ohm  resistance. 
A  4.4  ohn  resistor  draws  140  mA.]  This  often  will 
result  in  a  supercurrent  of  about  the  right  magnitude. 

If  the  Iq  is  a  little  large  or  if  the  shape  of  the  I-V 
curve  needs  improvement  (in  terms  of  the  Iq  and  energy 
gap  criteria)  then  it  is  often  possible  to  improve  the 
junction  by  slightly  backing  off  the  pressure  on  the 
contact.  Sometimes  it  is  necessary  to  completely  open 
the  contact  and  begin  the  procedure  again.  In  my 
experience  this  procedure  has  worked  much  more  than 
half  the  time  for  the  plated  whiskers  and  the  larger 
dianeter  whiskers.  On  the  other  hand,  the  often-used 
procedure  of  closing  the  contact  with  little  or  no  bias 
across  it  has  a  high  probability  of  damaging  the  tip 
beyond  usefulness. 
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versus  the  dc  voltage,  V,  across  it.  For  large  values 
of  v  (say.  V  )  I  asymptotically  approaches  the  dashed 


FIGURE  2.  Block  diagram  of  experimental  set-up. 
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Infrared  diode  work  began  some  ten  years  ago 
with  point  contact  MOM  junctions.  These  were  used 
as  harmonic  generators  and  mixers,  often  of  fairly 
high  order.  They  have  even  been  used  in  stabilized 
harmonic  generator  chains  through  2  pm.1  Such  de¬ 
vices  can  form  the  basis  of  active  far  infrared  (FIR) 
elements  and  circuits  for  reradiation  of  laser  side¬ 
bands,  signal  processing  in  this  region  of  the  spec¬ 
trum  and  studying  extremely  short  pulse  phenomena. 
Recently  work  has  been  done  on  MOM  devices  evapo¬ 
rated  through  masks  or  photol i thographical ly  de¬ 
fined.  I  will  show  you  why  small  area  devices  are 
essential  to  extending  the  operating  frequency  and 
how  such  devices  can  perform  active  circuit  functions 
in  the  FIR  and  perhaps  someday  on  into  the  visible; 
already  MOM  diodes  are  respo'  ling  non-thermal ly  to 
visible  radiation.  A  study  a  are  just  completing 
shows  that  a  point  contact  I.JM  behaves  according  to 
classical  antenna  theory  in  the  FIR.  Some  of  our 
latest  work  is  described  on  printing  MOM  circuits 
for  a  real  time  holographic  array. 

The  MOM  devices  operate  by  nonlinearities  in 
their  conductance,  which  must  be  the  order  of  the 
signal  source  (the  antenna  at  about  100  0).  This 
junction  is  then  shunted  by  its  own  capacitance 
which  restricts  its  high  frequency  operation.  Junc¬ 
tion  conductance  decreases  exponentially  with 
thickness  while  capacitance  goes  as  the  reciprocal; 
hence  the  thinnest  junction  must  have  the  most 
favorable  conductance  capacitance  ratio.  A  junc-0 
tion  with  barrier  thickness  about  the  typical  10  A 
would  have  resistance  of  102tl/A  (A  in  pm2)  re¬ 
quiring  about  1  pm?  to  match  the  typical  antenna 
resistance.  Orders  of  magnitude  change  in  the  area 
can  be  compensated  for  by  small  changes  in  barrier 
thickness  to  maintain  junction  impedance  comparable 
to  the  antenna  resistance  (100S1)  while  adjusting 
the  capacitance.  The  response  time  would  then  be 
given  by  RC  =  10"12  A.  (A  in  pm2) 

We  have  considered  several  FIR  functional  cir¬ 
cuits;  these  have  not  yet  been  built.  However, 
fabrication  would  require  two  successive  photo- 
li thographical ly  defined  metalizations  ,  the  first 
capable  of  forming  and  supporting  a  stable  barrier 
layer  about  10  A  thick  and  the  second  of  adhering 
to  the  substrate  and  making  good  contact  to  the 
barrier  layer.  One  circuit  usable  as  a  parametric 
subharmonic  generator  might  consist  of  a  circle 
half  made  of  each  metal,  overlapping  at  one  inter¬ 
section  to  form  a  small  area  MOM  diode  and  at  the 
other  a  large  area  ohmic  contact.  Inherent  Induc¬ 
tance  and  capacitance  of  this  circuit  and  junction 
can  make  It  resonant  In  the  FIR.  With  appropriate 
Input  driving  signal  and  bias  leads  and  a  realizable 
junction  nonlinearity,  a  Q  of  5  would  be  adequate 
to  cause  oscillation  at  half  the  signal  frequency. 

Some  particularly  interesting  work  has  been 
with  high  speed  deposited  negative  resistance  junc¬ 
tions  formed  by  evaporating  a  narrow  lead  stripe  on 
tin  with  a  thin  surface  oxidation.  This  Junction 
Is  cooled  to  about  2°K  where  both  metals  are  super¬ 
conducting  and  Irradiated  with  a  focused  argon  laser 


beam;  definite  non-thermal  response  was  observed. 
Responses  of  lead  on  aluminum  junctions  were  obser¬ 
ved,  again  at  2°K  (aluminum  above  its  superconducting 
transition).  The  response  to  X-band  and  5145  A  argon 
laser  radiation  was  very  similar  showing  peaks  in 
exactly  the  same  locations.  The  principal  structural 
response  occurs  at  dc  bias  voltage  less  than  20  mv 
and  is  due  to  the  superconducting  transition  and 
photon  scattering  in  the  lead  film. 

2 

A  theoretical  analysis  of  the  MOM  antenna/diode 
as  a  detector  of  microwave  and  infrared  radiation 
is  being  conducted  and  FIR  experiments  evaluated  to 
examine  the  consistency  of  the  theory.  The  antenna 
is  coupled  directly  into  the  diode.  An  equivalent 
circuit  is  used  to  represent  the  system  of  the  an¬ 
tenna  and  its  coupling  to  the  diode.  A  Stratton^ 
tunneling  model  represents  the  nonlinear  character 
of  the  junction.  Detector  performance  is  shown  to 
obey  experimentally  verified  laws  and  determine  an 
optimum  junction  thickness  and  area  for  each  fre¬ 
quency.  It  is  shown  that  the  detectivity  at  room 
temperature  can  be  as  high  as  1010  watts-1  Hz'*  at 
frequencies  of  1014  Hz  in  the  infrared.  Experimental 
results  show  that  for  small  focusing  angles,  0,  =  D/f 
(where  f  -  12.7  cm  in  this  case),  the  efficiency  o 
is  proportional  to  ef2  (see  Fig.  1)  consistent  witn 
the  concept  of  effective  aperture.  The  proportion¬ 
ality  constant  (at  337  pm  wavelength)  agrees  within 
a  factor  of  two  with  that  expected  from  our  theory; 
this  discrepancy  may  be  caused  by  uncertainty  in  the 
calorimetric  laser  power  measurement.  As  the  focus¬ 
ing  angle  is  increased  to  the  width  of  the  major 
radiation  lobe,  the  coupling  efficiency  saturates 
to  about  3%,  in  agreement  again  with  the  theory. 
Different  antenna  lengths  give  proportionally  differ¬ 
ent  coupling  efficiencies  for  small  focusing  angles 
and  the  same  saturated  value  for  larger  angles. 

To  confirm  that  the  FIR  detection  arises  from 
the  same  mechanism  as  that  for  rf  detection  (i.e. 
rectification),  we  checked,  using  a  balancing  tech¬ 
nique,  that  the  same  detected  voltage  comes  from 
an  rf  signal  as  from  a  preadjusted  ir  signal,  as 
the  bias  is  increased  up  to  about  100  mV. 

This  balancing  technique  has  been  applied  to 
the  study  of  the  type  of  printed  diodes  integrated 
to  an  antenna  described  in  Ref.  4.  Preliminary 
results  show  that  some  structures  have  coupling 
efficiencies  as  high  as  2  or  3X,  comparable  to  that 
of  the  mechanical  point  contact  diode.  This  tech¬ 
nique  Is  applicable  regardless  of  the  nature  of  the 
rectification  mechanism  as  long  as  it  Is  the  same 
at  rf  and  Ir  frequencies.  For  example,  we  haye  also 
fabricated  antenna  structures  where  the  detecting 
element  is  an  evaporated  micron-sized,  thin-fllm 
wire  without  a  junction.  A  weak  bolometrlc  response, 
with  the  same  bias  dependence,  was  observed  at  both 
frequencies  and  the  best  coupling  efficiency  was 
was  found  to  be  around  IX. 

We  have  studied  the  behavior  of  the  point  con¬ 
tact  diode  nonlinearities  by  observing  the  bias 
dependence  of  the  rectified  signal  when  a  known 


resistance). 


amount  of  rf  power  is  coupled  to  the  diode.  These 
results  can  be  compared  with  the  predications  of  the 
tunneling  model.  Values  for  the  barrier  parameters 
are  found  to  be  reasonable. 

The  diode's  I-V  characteristic  up  to  the  third 
order  can  be  expressed  as: 

1=1  (V  +  mV2  +  nV3) 


Then  the  rectified  voltage,  V  ,  when  an  rf  voltage 
VQ  coswt  is  coupled  to  these  diode  nonlinearities  is 
given  by 

V  2 

vr  -  (m  +  3n  Vb)  - 


The  experimental  dependence  of  V  on  V.  shown  in 
Fig.  2,  can  be  approximated  by  a  straight  line  in  the 
low  bias  region.  We  can  then  obtain  for  the  2  K-ohm 
diode,  m  =  .16  V  and  n  =  1.8  V*  . 

These  values  for  m  and  n,  which  are  independent 
of  the  contact  area,  are  in  general  agreement  with 
those  obtained  from  the  model  assuming  reasonable 
values  for  the  barrier  parameters.  From  the  tunnel¬ 
ing  model,  we  can  express  the  average  potential, 

$  ,  and  thickness  of  barrier,  L,  as: 


4  /6rT  4  /6n 


4  1 6ncp0 
L  =  "17025 

By  estimating  the  value  of  contact  area  as 
a  =  .1  pm?,  we  can  then  obtain  $  =  .65  ev  and 
L  =  10.3  A  which  are  quite  reasonable  and  change 
only  logarithmically  with  the  estimated  area. 
Furthermore,  the  value  of  the  asymmetry  factor, a , 
according  to  the  theory  is  given  by 

a  =  m  / 6/n' 


which,  in  the  case  of  Fig.  2,  is  equal  to  0.29 
and  does  not  depend  on  the  estimated  area. 


As  the  resistance  of  the  diode  is  lowered  by 
adjusting  the  pressure  of  contact,  the  value  for 
n  decreased  monoton i cal ly.  For  example;  if 

=  50  ohms  we  get  n  =  1.39  so  that  4>0  =  0.43  eV 

and  L  =  7.3  A  .  At  these  low  values  of  L  and  4>  , 
the  W.K.B.  approximation  used  in  calculating  the 
tunneling  probability  begins  to  lose  Its  applica¬ 
bility. 


We  have  shown  that  in  agreement  with  the  theory, 
the  zero  vias  responsivity,  8,(111).  remains  nearly 
constant  as  the  resistance  is  varied  over  two  orders 
of  magnitude.  By  studying  the  laser  rectification 
as  the  resistance  of  the  diode,  Rq.  "relaxes"  con¬ 
tinuously  and  slowly  (presumably  keeping  the  same 
asymmetry  factor  a)  from  10  to  few  thousand  ohms, 
we  were  able  to  fit  the  result  to  the  expression: 


with  two  adjustable  parameters,  V0  and  Rft  (antenna 


A  2  x  2  array  of  antenna/diodes  has  been  fab¬ 
ricated  for  ultimate  use  as  a  real  time  holographic 
imaging  array.  This  is  now  being  evaluated  as  indi¬ 
vidual  infrared  rectifier/mixers.  In  operation, 
two  infrared  beams  differing  by  a  microwave  fre¬ 
quency  will  irradiate  the  array.  From  the  amplified 
difference  frequency  we  can  obtain  relative  phase 
information  of  the  two  signals.  This  provides  the 
information  required  to  define  and  construct  a  real 
time  hologram. 
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Figure  1.  The  antenna/diode  efficiency  is  plotted 
as  a  function  of  iris  diameter,  D.  It  should  be 
noted  that  saturation  at  high  values  of  D  comes 
from  a  combination  of  approaching  the  beam  diameter 
and  exceeding  the  width  of  the  first  lobe.  The 
proportionality  constant,  .0035,  is  within  a 
factor  of  two  of  the  theoretical  value. 
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Figure  2.  The  experimental  dependence  of  V  on 
Vh  is  presented.  Diode  resistance  ms  measured 
as  2  Kfland  values  of  a  *  .16  V*'  and  n  *  1.81  V"z 
were  calculated  from  this  plot. 
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PROGRESS  IN  C02  LASER  STABILIZATION* 
Charles  Freed 

Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 
Lexington,  Massachusetts  02173 


A  family  of  stable  CO2  lasers  have  been  under 
development  at  M.I.T. ,  Lincoln  Laboratory  for  the  past 
few  years.  These  lasers  are  used  in  a  variety  of 
applications  and  under  different  operating  conditions. 

Stability  data  have  been  obtained  for  free- 
running,  offset-locked  and  line-center  stabilized 
lasers.  Measurements  of  spectral  purity  (frequency 
domain),  and  of  the  fractional  frequency  stability 
(time  domain)  of  the  laser  beat  notes  will  be  pre¬ 
sented. 

A  two-channel,  line-center  stabilized  CO 2  laser 
heterodyne  frequency  calibration  system  will  also  be 
described,  cogether  with  the  latest  data  obtained  for 
the  various  CO2  isotope  laser  transitions.  The  new 
data  are  10^  to  10&  times  more  accurate  than  previously 
published  results  and  will  provide  secondary  frequency 
references  over  a  wide  portion  of  the  infrared  spec¬ 
trum. 

Key  Words:  Stable  CO2  lasers,  short-term 
stability,  long-term  stability,  pressure  shift,  CO2 
isotope  constants. 

Introduction 

This  paper  reviews  the  stability  obtained  with 
various  CO2  lasers  and  under  different  operating  condi¬ 
tions.  New  results  are  emphasized  while  previously 
published  details  on  laser  design,  experimental  pro¬ 
cedure  and  long-term  stabilization  are  left  to  the 
references. 


In  the  first  part  of  the  paper  results  obtained 
with  free-running  lasers  are  described.  The  second 
part  concentrates  on  line-center  locked  C02  lasers 
and  some  of  their  applications. 


pen  Loop  Stability 


In  this  section  we  shall  first  describe  lasers 
and  results  applicable  to  high  resolution  optical 
radars.  Figure  1  shows  the  basic  laser  structure  which 
was  previously  described  in  greater  detail.  Figure 
2  illustrates  the  real  time  power  spectrum  of  the  beat 
note  between  two  free  running  lasers,  similar  to  the 
one  shown  in  Figure  1.  This  figure  and  the  conditions 
under  which  it  was  obtained  was  also  published  pre- 
viously^  and  is  repeated  here  for  completeness  sake. 
Figure  3  shows  a  real  time  power  spectrum  similar  to 
the  one  in  Figure  2,  but  measured  under  somewhat 
noisier  environmental  conditions. 


The  mostly  discrete  modulation  sidebands  in  Figure 
3  are  primarily  due  to  line  frequency  harmonics, 
structure  vibrations,  acoustic  noise  and  optical  feed¬ 
back  from  the  detector.  Note,  that  the  modulation 
sidebands  in  Figure  3  may  be  enclosed  under  a  Gaussian 
envelope  with  0  -  209  Hz.  Although  laser  stabilities 
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are  most  conveniently  measured  by  heterodyning  two 
lasers,  the  results  are  not  altogether  foolproof  be¬ 
cause  the  disturbances  causing  frequency  Jitter  of  the 
lasers  may  be  at  least  partially  correlated.  In  an 
optical  radar  one  may  compare  the  laser  with  its  own 
output  delayed  by  the  round  trip  time  to  and  from  the 
target.  Hence,  effects  due  to  disturbances  with 
correlation  times  less  than  the  round  trip  time  of  the 
transmitted  signal  will  be  included  in  the  measured 
beat  note  spectrum. 

Figure  4  shows  a  block  diagram  of  a  10.6  pm  laser 
radar  at  the  Lincoln  Laboratory  Firepond  Facility^ 
in  Uestford,  MA.  In  Figure  4  wavy  and  solid  lines  de¬ 
note  optical  and  electrical  signal  paths,  respectively. 
The  0.5  meter  local  and  the  1.5  meter  master  oscilla¬ 
tors  are  similar  to  the  one  shown  in  Figure  1.  The 
higher  power  master  oscillator  is  offset-locked  to  the 
local  oscillator  using  a  stable  10  MHz  frequency  dis¬ 
criminator  and  a  frequency  control  servo  loop  with 
unity  gain  at  3  kHz.  Figure  5  shows  the  real  time 
power  spectrum  of  the  10  MHz  beat  note  of  the  two  off- 
set-locked  lasers.  The  analyzer  resolution  in  Figure  5 
is  set  to  0.02  Hz;  thus  the  observed  narrowness  of  the 
beat  note  spectrum  indicates  that  the  master  oscillator 
tracked  the  local  oscillator  within  less  than  one  part 
in  10*5  during  the  50  sec  observation  period  required 
to  obtain  a  high  resolution  measurement  such  as  shown 
in  Figure  5. 

The  10.6  ym  laser  radar  shown  in  Figure  4  has 
been  used  to  make  observations  on  GEOS-III,  a  NASA 
geodetic  satellite  equipped  with  an  1RTRAN  II  solid 
cube  corner  retro-reflector.  Radar  returns  from 
GEOS-III  have  been  used  to  determine  the  radial 
velocity  of  the  satellite  using  Doppler  measurements, 
and  to  set  an  upper  bound  to  the  laser  oscillator 
instability. 

A  logarithmic  display  of  the  power  spectra  of  a 
consecutive  sequence  of  radar  return  signals  is  shown 
in  Figure  6.  Table  I  summarizes  the  applicable  opera¬ 
ting  conditions. 

The  returns  in  Figure  6  were  obtained  near  the 
closest  approach  of  the  satellite,  corresponding  to  a 
Doppler  shift  of  64  MHz.  At  this  point  of  the  orbit 
the  Doppler  frequency  was  changing  by  10  MHz/sec. 

This  change  in  frequency  amounted  to  a  40  kHz  shift 
during  the  0.004  sec  radar  transmission.  This  fre¬ 
quency  shift,  together  with  the  main  Doppler  shift  was 
removed  by  orbit-fitting  in  the  computerized  process¬ 
ing  of  the  data.  Thus  the  individual  spectra  of  the 
radar  returns  shown  in  Figure  6  should  ideally  approach 
a  (.sin  x)  *  distribution  corresponding  to  the  Fourier 
transform  of  the  10.6  ym  single  frequency  0.004  sec 
radar  pulse.  The  spectral  width  one  may  observe  on 
the  returns  in  Figure  6  is  approximately  twice  the 
theoretical  500  Hz  that  should  occur  between  the  first 
minima.  The  excess  width  and  smearing  of  the  return 
spectra  is  due  to  instabilities  and  jitter  in  the  en¬ 
tire,  rather  complex  system,  including  the  laser 
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oscillators.  Needless  to  say,  the  system  performance 
is  steadily  improving  as  the  operating  conditions  and 
components  giving  rise  to  instabilities  are  gradually 
corrected;  however,  even  the  present  level  of  perform¬ 
ance  corresponds  to  an  orbital  velocity  precision  of 
1.25  mm/sec,  and  one  may  put  an  upper  bound  of  about 
one  part  in  1022  on  the  short-term  stability  of  the 
laser  oscillators  - 

Open-Loop  Stability  Of  Microwave  Self-Beats 

The  results  in  the  remainder  of  this  paper  were 
obtained  with  grating  controlled  lasers,  which  have 
been  previously  described. 2»2  Such  a  grating  con¬ 
trolled  laser  is  shown  in  Figure  7. 

Microwave  (or  lower)  frequency  generation  may 
be  achieved  with  a  single  laser  filled  with  a  mixture 
of  CO2  isotopes.  The  spectral  purity  and  long-term 
stability  of  the  (self-)  beat  notes  obtained  in  this 
way  may  only  be  compared  to  stabilized  oscillators  of 
the  highest  quality.  Figure  8  shows  the  spectrum 
analyzer  display  of  the  3165  MHz  self-beat  of  the 
2<*C2802  0001-11000,  02°0]n  P(10)  and  the  12C1602 

00°1-J10°0,  02°0]j  R(18)  transitions.  Time  domain 
frequency  stability  measurements  of  the  same  3165  MHz 
beat  note  are  shown  in  Figure  9.  In  order  to  obtain 
the  fractional  frequency  stability,  the  measured  Allan 
Variance  was  divided  by  /T  times  the  laser  frequency. 
Table  II  gives  the  sample  size,  m,  for  each  observation 
time,  X ,  used  to  obtain  the  Allan  Variance. 

Figure  10  shows  an  even  better  frequency 
stability  measurement  of  the  593  MHz  beat  note  between 
the  14c1602  00°1-[10°0,  02O0]n  P(38)  and  the  22C2602 

00°1-[10°0,  02°01r  P(16)  laser  transitions.  Each  data 
point  in  Figures  9  and  10  is  based  on  an  independent 
set  of  consecutive  m  samples.  Table  III  shows  the 
sample  size,  m,  for  each  observation  time,  T,  of  Figure 
10. 

The  spectral  purity  of  Figures  8,  9  and  10  is 
explained  by  the  fact  that  the  fractional  frequency 
stability  at  the  microwave  beat  frequency  will  be 
identical  to  the  fractional  stability  of  the  laser 
frequency  itself.  It  should  be  clear  by  now  that 
short-term  stabilities  of  10~22  to  10“13  may  be 
routinely  achieved  with  well  designed  and  acoustically 
shielded  C02  lasers. 

Two  additional  facts  are  noteworthy  in  Figures  9 
and  10.  The  frequency  stability  gets  better  for 
shorter  observation  times,  a  very  desirable  require¬ 
ment  in  radar-like  applications.  As  a  matter  of  fact. 
Inadequate  frequency  resolution  of  our  present  equip¬ 
ment  prevented  meaningful  measurements  of  the  Allan 
Variance  for  observation  times  less  than  1  sec  in 
cases  like  the  ones  illustrated  by  Figures  9  and  10. 

A  second  noteworthy  feature  of  such  self-beats  is  that 
they  may  be  utilized  for  direct  comparison  of  optical 
and  mlcrvoave  frequency  domains. 

Long-Term  Stability  and  Some  Of  Its  Applications 

8  9 

It  was  previously  shown ’  that  C02  lasers  can 
be  frequency  stabilized  by  using  the  standing-wave 
saturation  resonances  in  a  low-pressure,  room-tempera- 
ture,  pure  C02  absorber  via  the  intensity  changes 
observed  in  the  collisionally-coupled  spontaneous 
emission  band  at  A. 3  pm.  More  recently,  significant 
improvement  in  slgnal-to-nolse  ratios  with  new,  low 
pressure  C02  stabilization  cells  external  to  the  lasers 
was  also  demonstrated20. 

The  experimental  results  in  the  remaining  part 
of  this  paper  were  obtained  with  the  two-channel  line- 


center  stabilized  C02  isotope  calibration  system  which 
was  previously  described7.  Figure  11  shows  the  block 
diagram  of  this  system. 

In  order  to  investigate  in  the  most  direct 
fashion  the  various  parameters  affecting  long-term 
frequency  stability,  we  carried  out  extensive  measure¬ 
ments  of  the  Allan  Variance  on  the  2,697.86  MHz  beat 
frequency  between  the  22C26o2  00°1-[10°0,  0200)^  band 

P(20)  and  the  13C2802  00°l-[10o0,  0200]^  band  R(24) 

laser  transitions2.  By  using  two  different  C02  isotope 
lines,  frequency  pulling  due  to  optical  feedback  was 
reduced  and  the  2,698  MHz  beat  frequency  output  of  the 
HgCdTe  photodiode  was  directly  measured  by  a  microwave 
frequency  counter;  thus  only  two  Independently  lockable 
lasers  and  a  single  microwave  frequency  counter  were 
utilized  in  the  experiments  to  be  described  in  this 
section  (note  that  Figure  11  indicates  a  separate 
microwave  local  oscillator  and  a  second  counter; 
neither  of  these  were  necessary  for  the  stability 
measurements) . 

Since  each  laser  was  assumed  to  contribute 
equally  to  the  instability,  the  measured  Allan  Variance 
was  divided  by  /T  times  the  laser  frequency  (2.8306  x 
1023  Hz)  in  order  to  derive  the  fractional  frequency 
stability  for  a  single  laser  as  a  function  of  sample 
time,  T,  (gating  time  of  the  frequency  counter). 

The  stability  of  the  lasers  may  be  best  summa¬ 
rized  by  Figure  12  where  each  circle  or  cross  repre¬ 
sents  an  Allan  Variance  measurement  based  oh  a  sample 
size,  m,  as  specified  in  Table  IV. 

The  fractional  stability  of  the  beat  note  of  the 
two  lasers  under  free  running  conditions  is  denoted 
by  crosses  and  may  be  reasonably  well  approximated  by 
Oy  (unlocked)  *  10-20  x  x0-72  which  of  course  indicates 
the  drift  rate  of  the  lasers  relative  to  each  other. 

The  circles  represent  the  results  obtained  with 
each  laser  Independently  locked  to  its  own  reference 
absorption  cell  filled  with  40  mTorr  of  22C2602  and 
13c2302,  respectively. 

As  Figure  12  indicates,  there  were  three  consecu¬ 
tive  sets  of  measurements  made,  each  based  on  m  samples 
for  any  given  observation  time,  T.  The  locked  laser 
stability  may  be  described  by  ciy(locked)  =  6  x  10"22  x 
x-272 . 

Thus,  the  instability  of  the  lasers  became  less 
than  1  x  10"22  for  sample  times  x  2  40  seconds.  A 
fractional  stability  of  10-22  corresponds  to  Oy  -  28  Hz 
fluctuation  in  the  laser  frequency.  Since  the  piezo¬ 
electric  mirror  tuning  rate  is  about  200  kHz/volt,  the 
phase  sensitive  detector  output  stability  (drift)  must 
be  less  than  150  pv  to  achieve  1  x  10-22  long-term 
stability.  Such  low,  long-term  drift  was  clearly 
beyond  the  capability  of  the  ten  year  old  lock-in 
amplifiers  used  to  obtain  these  results;  therefore, 
the  measurement  of  longer  term  stability  with  larger 
sample  sizes  was  not  seriously  pursued  in  the  current 
phase  of  our  experiments.  However,  the  stability  we 
did  obtain  was  quite  sufficient  to  carry  out  accurate 
and  reproducible  measurements  of  pressure  shift  in  C02. 

In  the  pressure  shift  experiments  both  lasers  are 
locked  to  their  individual  reference  cells,  and  the 
shift  in  the  beat  frequency  is  measured  as  a  function 
of  pressure  change  in  one  of  the  cells,  with  the 
pressure  held  constant  in  the  second  cell  in  order  to 
obtain  a  stable  reference  laser  frequency. 

Figure  13  shows  the  last  two  digits  of  the 
2.697.862  t  6  kHz  beat  frequency  of  the  22C2&02  laser 


Conclusion 


00°l-U0o0,  02°0]  r  band  P(20)  and  the  33C380,  laser 
00°1-I10°0,  02°0]j  band  Rf 24^  transitions  as  a  func¬ 
tion  of  pressure  in  the  32C3"02  reference  cell.  Each 
circle  in  Figure  13  is  based  on  an  observation  time 
of  x  »  10  seconds  and  a  sample  size  of  o  ■  26.  As 
Figure  13  Indicates,  two  independent,  consecutive 
sets  of  measurements  give  results  which  are  barely 
distinguishable  from  each  other  and  are  within  one 
Oy(T)  of  the  solid  line.  A  straight  line  fitting  (by 
the  least-squares  method)  of  the  data  between  0  and 
60  mTorr  yields  a  -108.6  Hz/mTorr  frequency  change 
with  Increasing  pressure  in  the  32C3602  reference 
cell  (red  shift).  The  pressure  shift  becomes  larger 
and  nonlinear  at  higher  pressures,  but  for  the  purpose 
of  frequency  stabilization  only  the  low  pressure 
region  is  of  interest.  It  is  rather  interesting  to 
note  that  our  original  1970  estimate2,8  was  also  about 
100  Hz/mTorr  red  shift  for  the  same  P(20)  laser 
transition. 

Analoguous  data  for  the  33C3802  00°1-[10°0, 

02°0]j  band  R(24)  transition  gave  a  168.6  Hz/mTorr 
red  shift  in  the  0-60  mTorr  pressure  range. 

Neither  repeated  breaking  and  resetting  of  the 
frequency  lock,  nor  refilling  of  the  lasers  and  the 
reference  cells  altered  the  results  shown  in  Figures 
12  and  13. 


Even  the  few  examples  given  in  this  paper  make 
it  quite  clear  that  the  spectral  purity,  frequency 
stability  and  resettabllity,  together  with  the  avail¬ 
ability  of  well  over  a  thousand  lasing  transitions 
uniquely  endow  the  C02  system  for  direct  use  in  high 
resolution  spectroscopy,  or  as  secondary  frequency 
standard  in  heterodyne  spectroscopy  with  tunable 
lasers,  or  in  precision  IR  synthesis  which  involves 
frequency  mixing. 

A  systematic  and  precise  evaluation  of  the  band 
centers,  rotational  constants,  and  lasing  transition 
frequencies  of  the  C02  Isotopes  is  under  way.  These 
data  will  also  be  of  great  value  in  evaluating  the 
potential  function  under  the  influence  of  which  the 
nuclei  are  moving. 
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In  the  final  portion  of  this  paper  new  results 
relating  to  C02  isotope  lasers  will  be  given.  He 
have  previously  reported33,32  on  the  determination  of 
transition  frequencies,  band  centers  and  rotational 
constants  of  32C3802,  33C3802  and  33C3802  isotope 
lasers  with  accuracies  of  about  3  MHz. 


Optical  heterodyne  techniques  were  used  to  gener¬ 
ate  beat  frequencies  between  two  lasers  filled  with 
different  C02  Isotopes.  The  rotational  constants  are 
computed  by  fitting  the  measured  difference  frequen¬ 
cies  in  a  least-squares  sense  to  the  expansion  of  the 
line  frequencies 
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The  experimental  procedure  is  similar  in  prin¬ 
ciple  to  the  one  previously  described32'33,  and  this 
paper  will  only  list  the  latest  results  which  are 
summarized  in  Table  V. 


The  band  centers  and  rotational  constants  of 
12c3802  listed  in  Table  V  were  originally  determined 
by  Petersen  et  al.33,  and  were  used  as  fixed  refer¬ 
ences  in  the  compution  of  vibrational  -  rotational 
constants  of  the  other  C0-,  isotopes  in  Table  V.  Upon 
completion  of  our  data  taking  in  the  near  future,  we 
shall  relax  this  restriction,  and  will  simultaneously 
determine  the  rotational  constants  of  all  the  Isotopes 
since  our  measurements  include  much  higher  J-transi- 
tions  than  reported  previously33.  Thus  the  constants 
listed  in  Table  V  should  not  be  considered  as  the 
final  results  of  our  isotope  measurements;  however, 
they  do  represent  sn  approximately  103  -  fold  improve¬ 
ment  over  our  previously  published  data  for  33C3802 
and  33C3802  and  an  even  greater  improvement  for 
14(;16o2.  Figure  14  graphically  illustrates  the  lasing 
transitions  of  the  C02  isotopes  listed  in  Table  V  and 
the  spectral  region  they  occupy. 
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Sample  size,  m,  as  a  function  of  sanple  time,  r, 
for  Vat  "  3165  Mlz- 
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m 

101 

51 

26 

26 

11 

Sanqple  size,  m,  as  a  function  of  sanple  time, 
t,  for  vbeat  =t  593  KHz. 
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Sample  Size,  m,  as  a  Function  of  Sample  Time,  t, 
for  v  beat  =  2698  KHz 
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VIBRATIONAL  -  ROTATIONAL  CONSTANTS  OF  COj  ISOTOPE  LASER  TRANSITIONS 
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Constants, 
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2.852  x  10'1J  1 

i 

hi 
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HII 

6.984  x  10'y 

9. 022  x  10‘9 

4.018  x  10'^ 

1.6284  x  10's  j 

c  »  299  792  4S8  m/sec 
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FIG.  2  Real-time  spectral  density  of  the  beat  note 
of  two  free  running,  0.5  meter  stable  C02 

lasers  for  0.1  second  observation  time; 
horizontal  scale:  500  Hz/cm;  resolution 
10  Hz. 
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BEAT  NOTE  SPECTRA  OF  TWO  C02  LASERS 


3  A  beat  note  similar  to  Figure  2  but  measured  under  somewhat  noisier  environmental 
conditions. 


INFRARED  RADAR  SYSTEM  BLOCK  DIAGRAM 

FIG. A  10. 6 pm  radar  system  block  diagram. 


W7 

A 


2 


RF  SPECTRUM  OF  C02  LASER  BEAT 
WITH  FREQUENCY  SERVO 
(0.02Hz  Resolution) 
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FIG.  6  10.6  pur  radar  return  spectra  from  GEOS  III 

geodetic  satellite. 


FIG.  5  10  MHz  beat  note  of  two  offset-locked  lasers; 

spectrum  analyzer  resolution  set  to  0.02  Hz. 


Fig.  7.  1.5  reter,  internal -grating-controlled,  piezoelect ri call/  tuied 
stable  00*  laser. 
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3,165  MHz  BEAT  FREQUENCY  OF  A 
,2c’602  001-1  BAND  R  (18)  TRANSITION 
WITH  A  14C160?  LASER  LINE 


I. F.  BANDWIDTH  :  3kHz 

8;,„§Pec!rr  analyzer  display  of  3.16S  Mfe  beat  frequency  of  the 
00  1  -  [10  0,  02°0]II  band  P(10)  and  the  12clb02  00°1  -  [10°0,  02°0]T  band  ^ 
R(18)  transitions;  I.  F.  Bandwidth;  3  kHz.  2  ’ 
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FIG.  9  Time  domain  stability  if  the  beat  note 
shown  in  Figure  8. 
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FIG.  10  Time  domain  stability  of  the  593.24  MHz  self¬ 
beat  in  a  Ci°02  -  12c  O2  combination  laser 
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FIG.  II  Two-channel  heterodyne  system  used  to  determine 
CC>2  Isotope  laser  frequencies. 
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FIG.  12  Time  domain  stability  of  independently  lock¬ 
ed  grating  controlled  CC>2  lasers. 
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FIG.  13 


Variation  of  the  2,697,862  -  6  kHz  beat 

a  function  of  pressure  change 
C>2  reference  cell  for  the 
00°1  -§.0°0,  02°0)r  band  P  (20)  transition. 


FIG.  14  Comparison  of  the  frequency  and  wavelength 
dgmjins  of  rare  CO2  isotope  lasers  with 
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ELECTRONIC  TUNING  AND  PHASE-LOCK  TECHNIQUES  FOR  OPTICALLY  PUMPED  ’'AR  INFRARED  LASERS 
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An  electronic  tuning  technique  for  far-infrared 
(FIR)  lasers  has  been  developed  which  makes  it  possible 
both  to  frequency  modulate  a  laser  at  a  very  high  rate 
and  to  phase-lock  it  to  a  reference  oscillator.  Tuning 
is  achieved  by  applying  an  electronic  (Stark)  field  to 
the  molecules  in  an  optically  pumped  FIR  laser.  Since 
such  lasers  operate  on  rotational -vibrational  transi¬ 
tions  of  molecules,  they  exhibit  either  first-  or 
second-order  Stark  effects  which  result  in  an  effective 
broadening  of  the  molecular  transition.  This  intro¬ 
duces  a  change  in  the  cavity  pulling,  which  is  present 
in  any  laser  in  which  the  cavity  resonant  frequency  is 
offset  from  the  molecular  transition. 

Using  a  CH3F  laser  at  a  frequency  of  604  GHz 
(496  um),  we  have  observed  (by  direct  measurements 
with  a  metal- insulator-metal  diode)  a  maximum  static 
electronic  tuning  of  500  kHz  with  a  maximum  sensitivity 
of  5  kHz/(V/cm).  The  tuning  rate  should  be  limited 
only  by  the  lifetime  of  the  photons  in  the  laser  cavity. 
We  have  observed  frequency  modulation  rates  of  300  kHz 
and  a  modulation  index  greater  than  one  has  been  ob¬ 
tained  at  a  modulation  rate  of  50  kHz. 

We  report  the  ability  to  phase  lock  such  a  tunable 
FIR  laser  to  a  reference  laser  at  an  offset  frequency 
of  the  order  of  500  kHz.  This  was  achieved  by  using  the 
Stark-tuning  method  to  correct  for  fast  frequency  fluc¬ 
tuations,  up  to  approximately  20  kHz,  and  a  piezo¬ 
electric  tuner  (PZT)  to  slowly  correct  for  changes  in 
the  laser  cavity  length. 

The  tuning  and  phase-lock  methods  reported  here 
are  needed  for  several  Important  applications,  for 
example:  infrared  frequency  synthesis,  generation  of 
time  from  infrared  (and  higher)  frequency  standards, 
directional  and  synthesized  Infrared  communications, 
and  FM  LIDAR. 

Experimental  Description 

A  schematic  diagram  of  the  experimental  setup  Is 
shown  in  Figure  1.  A  C02  laser  and  amplifying  tube 
provide  the  pump  beams,  at  a  wavelength  of  approxi¬ 
mately  10  pm,  necessary  to  excite  a  particular  vibra¬ 
tional  level  of  the  molecules  in  FIR  lasers  I  and  II. 
One  laser,  FIR-I,  serves  as  a  reference  laser.  A  metal- 
insulator-metal  diode  with  a  50  pm  diameter  tungsten 
whisker  and  a  polished  nickel  post  is  used  for  hetero¬ 
dyning  the  two  FIR  frequencies.  More  details  about 
the  setup  can  be  found  in  Ref.  1. 


*Vi8iting  Fellow  1976-77,  on  leave  from  Astronomical 
Institute,  Utrecht,  The  Netherlands. 


Th*  FIR-II  laser  consists  of  a  glass  tube,  1.04  m 
long  and  32  mm  internal  diameter.  Two  lengths  of  cop¬ 
per  tape  are  attached  over  the  total  length  of  the  tube 
to  serve  as  the  internal  Stark  electrodes.  Both  ends 
of  the  tube  are  closed  by  flat,  metal  mirrors,  of  which 
one  is  movable  in  two  different  ways:  A  PZT  is  used 
for  fine  movements  (4  pm  maximum),  while  a  micrometer 
drive  provides  the  coarse  motion. 

A  block  diagram  of  the  phase-lock  loop  system  is 
shown  in  Figure  2.  The  two  FIR  lasers  produce  a  beat 
frequency  on  the  order  of  several  hundred  kilohertz  in 
the  metal-lnsulator-metal  diode  detector.  After  ampli¬ 
fication  and  filtering  this  beat  note  is  fed  into  a 
double-balanced  mixer,  where  it  is  compared  to  the 
frequency  of  a  synthesizer.  The  phase-lock  loop  tunes 
the  FIR-II  laser  so  that  the  heterodyne  signal  between 
the  two  lasers  and  the  reference  signal  from  the  syn¬ 
thesizer  are  in  approximate  phase  quadrature.  This  is 
accomplished  in  two  different  ways:  Fast  tuning  is 
achieved  by  amplifying  and  filtering  the  detected 
phase-difference  signal  and  then  feeding  it  to  the 
Stark  electrodes.  The  attack  time  in  this  feed-back 
loop  is  approximately  10  ps.  Slow  tuning,  over  a 
larger  range,  is  mainly  necessary  to  compensate  for 
length  changes  of  the  FIR-II  laser  cavity  due  to  tem¬ 
perature  changes.  This  tuning  is  achieved  by  feeding 
the  detected  phase-difference  signal  through  an  inte¬ 
grating  amplifier  and  applying  it  to  the  PZT- tuning 
element  of  the  FIR-II  laser.  Unwanted  interactions  be¬ 
tween  the  two  feedback  loops  are  not  present  because  of 
the  large  difference  in  speed  (104)  of  the  two  mecha¬ 
nisms.  The  present  system  stays  in  a  phase-locked  con¬ 
dition  for  about  15  minutes.  This  time  is  mainly 
limited  by  the  frequency  instability  of  the  C02-pump 
laser  and  the  mechanical  instability  of  the  diode, 
rather  than  by  the  dynamic  range  of  the  phase-lock 
loop  Itself. 

Measurements 

All  measurements  are  preceded  by  mechanically 
tuning  the  FIR-II  laser  to  a  dominant  longitudinal 
mode.  In  Figure  3,  we  show  the  output  power  variation 
as  a  function  of  cavity  length  for  the  Stark  tunable 
laser.  The  two  main  maxima  occur  at  a  cavity  length 
difference  of  248  ym,  half  the  wavelength  of  the 
496  um  transition  in  CH3F.  The  relatively  clean  mode 
spectrum  of  this  laser  avoids  the  otherwise  annoying 
troubles  due  to  mode  interference. 

The  next  step  is  to  first  detune  the  cavity 
slightly  from  the  transition  line  center  and  then 
apply  a  dc  voltage  of  about  400  V  to  the  Stark  elec¬ 
trodes.  This  is  done  while  the  FIR-I  laser  remains 
tuned  to  its  line  center,  allowing  one  to  monitor  the 
frequency  changes  of  FIR-II  by  direct  heterodyning  in 
a  frequency  region  of  the  order  of  500  kHz.  The  ini¬ 
tial  cavity  detuning  produces  a  frequency  shift  of 


300  to  600  kHz  in  the  FIR-II  laser,  while  the  additional 
amount  of  electronic  tuning,  which  is  proportional  to 
the  Initial  cavity  detuning,  has  a  maximum  sensitivity 
of  5  kHz/(V/cm).  Associated  with  the  frequency  change 
there  may  be  an  amplitude  change  with  a  relative  mag¬ 
nitude  of  0.01/(V/cm) . 1 

The  application  of  an  alternating  field,  super¬ 
imposed  on  the  dc  electric  field,  produces  both  ampli¬ 
tude  and  frequency  modulation  sidebands.  The  ratio  of 
AM  sidebands  to  the  first  FM  sidebands  is  expected  to 
be  2  x  10-6  fm,  where  f  is  the  modulation  frequency  in 
Hz,  as  calculated  from  the  sensitivities  quoted  in  the 
preceding  paragraph.1  It  has  been  verified  qualita¬ 
tively  that  the  AM  and  FM  sidebands  have  indeed  equal 
strength  at  fm  *  500  kHz. 

Figure  4  shows  a  typical  frequency  spectrum  of  a 
frequency-modulated.  Stark-tuned  FIR  laser.  It  was 
taken  using  a  spectrum  analyzer  connected  to  the  ampli¬ 
fied  heterodyne  signal  from  the  diode.  Since  only  the 
FIR-II  laser  is  modulated,  it  represents  the  power  den¬ 
sity  of  this  laser  as  a  function  of  frequency.  This 
particular  spectrum  was  taken  while  the  laser  was 
modulated  at  50  kHz.  The  relative  magnitude  of  the 
sidebands  is  typical  for  frequency  modulation  with  a 
deviation  (half  the  peak-to-peak  frequency  shift)  equal 
to  75  kHz.  The  AM  sidebands  in  this  case  are  ten 
times  less  powerful  than  the  FM  sidebands,  in  agree¬ 
ment  with  our  earlier  statement  and  indicating  that 
we  have  a  nearly  pure  frequency  modulated  spectrum. 


a  frequency  change  of  the  reference  oscillator  in  excess 
of  50  kHz  causes  the  loop  to  come  out  of  lock.  This 
dynamic  range  is  insufficient  to  control  the  slow  fre¬ 
quency  changes  in  the  FIR  lasers  which  we  surmise  are 
due  to  temperature  changes.  The  inclusion  of  the  PZT 
tuner,  which  can  move  one  end  mirror  ±2  um,  results  in 
an  order  of  magnitude  improvement  in  the  dynamic  range. 

Interpretation 

We  selected  the  496  pm  (604  GHz)  laser  transition 
in  CH3F  for  this  study  because  it  is  a  relatively 
strong  line  and  the  Stark  effect  in  CH3F  is  linear 
and  well  understood.  The  CO2  laser  selectively  pumps 
the  molecules  first  to  an  excited  vibrational  level  and 
the  resulting  population  inversion  induces  the  496  pm 
rotational  transition  to  lase.  An  electric  field  splits 
the  rotational  transition  into  several  components,  each 
with  a  known  frequency  shift  proportional  to  the  field 
strength.  From  the  known  line  width  of  the  individual 
components  one  can  show1’2  that  the  net  effect  of  the 
Stark  field  is  an  overall  broadening  of  the  line  of 
approximately  30  kHz/(V/cm). 

The  tuning  of  the  laser  frequency  is  produced  by 
this  broadening  via  the  effect  of  "cavity  pulling."3 
The  actual  laser  frequency,  v,  is  determined  by: 

v-v  V  -V 

m  _  c 

Av  Av  ’ 

m  c 


Observation  of  the  beat  note  between  the  two  FIR 
lasers  indicates  that  the  3  dB  line  width  of  the  un¬ 
locked  lasers  is  a  few  kHz.  A  typical  spectrum  is 
shown  in  Figure  5a.  In  order  to  phase  lock  such  oscil¬ 
lators  it  is  necessary  that  all  the  amplifiers  and 
filters  in  the  loop  be  broadband  compared  to  the  free- 
running  line  width.  When  the  phase-lock  loop  is 
operating,  the  line  width  of  the  beat  note  decreases 
dramatically  as  can  be  seen  in  Figure  5b.  If  a  stable 
reference  were  substituted  for  the  FIR-I  laser,  then 
this  change  would  represent  a  proportional  increase  in 
stability  of  the  tunable  laser. 


where  vc  is  the  resonant  frequency  of  the  empty  laser 
cavity  and  Avc  its  full  width,  vm  is  the  frequency  of 
the  molecular  transition  and  Avm  its  full  width.  It 
is  clear  from  this  equation  that  an  offset  between  vc 
and  vm  produces  a  static  frequency  shift  of  the  laser 
frequency  towards  the  cavity  line  center.  The  amount 
of  shift  depends  on  the  cavity  offset  itself,  as  well 
as  the  magnitudes  of  Avc  and  Avm.  The  very  last 
dependence  is  used  in  our  experiments. 

Differentiation  of  the  pulling  equation  with  re¬ 
spect  to  the  applied  field  E  yields: 


The  most  important  parameter  describing  the  phase- 
lock  loop  is  its  attack  time,  l.e.,  the  inverse  of  the 
unity  gain  angular  frequency.  It  can  be  measured  by 
phase  modulating  the  synthesizer  which  generates  the 
frequency  offset  between  the  two  lasers.  When  the 
frequency  of  this  phase  modulation  is  small  compared 
to  the  unity  gain  frequency,  coherent  modulation  side¬ 
bands  of  constant  amplitude  are  impressed  on  the  tunable 
laser.  However,  when  the  modulation  frequency  is  large 
compared  to  the  unity  gain  frequency,  the  tunable  laser 
can't  follow  the  phase  modulation  of  the  reference.  We 
observe  this  phenomenon  in  both  the  spectrum  of  the 
beat  between  the  two  lasers  and  the  spectrum  of  the 
control  voltage  to  the  tunable  laser.  Our  best  esti¬ 
mate  of  the  unity  gain  frequency  is  13  kHz  which  cor¬ 
responds  to  an  attack  time  of  approximately  10  us. 


dv 

dE 


Av  (v  -  v  )  . 

c  c  m  d  , 

(Av  +Av  )Z  dE  m 


The  shift  is  thus  proportional  to  the  initial  offset 
of  the  cavity  from  line  center  and  the  proportionality 
factor  can  be  calculated  from  known  quantities.  We 
find  in  our  case  a  maximum  value  of  5  kHz/(V/cm),  in 
good  agreement  with  measured  values. 

The  operation  of  the  phase-lock  loop,  described 
earlier,  is  best  understood  in  terms  of  the  open-loop 
transfer  function  Geq(ju)).4  Let  us  call  the  open-loop 
phase  fluctuations  of  the  two  lasers  <t>j  and  re” 

spectively.  Then  the  closed-loop  phase  fluctuations 
between  the  two  lasers,  A <f>,  is 


In  order  to  analyze  the  operation  of  the  servo 
system  it  is  useful  to  examine  the  spectrum  of  the 
feedback  voltage  to  the  Stark  tuning  electrodes.  An 
example  of  such  a  spectrum  is  shown  in  Figure  6.  The 
imary  value  of  this  measurement  is  to  detect  instabi¬ 
lities  in  the  loop  which  show  up  as  peaks  in  the  spec¬ 
trum.  The  loop  is  observed  to  be  stable,  but  begins  to 
oscillate  when  the  gain  is  increased  by  10  dB.  It  is 
also  possible  to  use  the  spectrum  of  the  feedback  volt¬ 
age  to  determine  S^(f)  for  the  pair  of  oscillators. 

This  Is  discussed  in  more  detail  in  the  next  section. 


Ad> 


rII 


1  +  G 


eq 


where  the  frequency  synthesizer  is  assumed  to  have 
negligible  phase  fluctuations.  The  open-loop  transfer 
function  is  the  product  of  the  tuning  rate  of  the  FIR-II 
laser,  the  sensitivities  of  the  MIM  diode  and  the  doub’e 
balanced  mixer,  the  gain  of  amplifiers  G^andCT',  and  the 
low  pass  transfer  functions  F],  F,-  and  F $ .  The  asymp¬ 
totic  form  is  shown  in  Figure  7.  The  break  point  at  i. 
is  due  to  the  low  pass  filter  (F^)  which  decreases  the 
feedback  of  the  second  harmonic  of  the  offset  frequency 


When  the  Stark  tuner  is  operating  alone,  the 
dynamic  range  of  the  loop  is  very  limited.  For  example 
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between  the  two  lasers.  The  break  point  at  f3  is  due 
to  the  finite  band  width  (F3)  of  the  amplifiers.  The 
phase  shift  caused  by  these  two  low  pass  filters  cur¬ 
rently  limits  the  maximum  unity  gain  frequency  to  about 
20  kHz.  The  break  at  f4  is  due  to  the  PZT  tuner  and 
has  negligible  influence  on  the  second- to-second  per¬ 
formance  of  the  loop. 

The  voltage,  V,  measured  at  the  spectrum  analyzer 
is  easily  related  to  the  open-loop  phase  fluctuations 
between  the  two  lasers.  Since  the  spectrum  analyzer 
follows  filter  F2, 


K(*II~  V 

V  =  (l+jf/f2)(l+Geq)  ’ 

where  K  is  a  constant.  Solution  of  this  equation  in¬ 
dicates  that  the  slope  of  the  voltage  spectrum  should 
change  by  f2  at  a  frequency  near  the  unity  gain  fre¬ 
quency.  The  break  does  not  occur  exactly  at  the  unity 
gain  frequency  mainly  due  to  the  fact  that  the  poles 
at  f 2  and  f3  are  not  far  removed.  Examination  of  the 
spectrum  in  Figure  6  shows  just  such  a  slope  change  at 
18  kHz.  If  also  shows  a  slope  change  at  4  kHz,  below 
which  the  voltage  spectrum  is  constant.  This  behavior 
is  consistent  with  the  interpretation  of  4  kHz  as  the 
fast  linewidth  (approximately  equal  to  the  3  dB  line- 
width)  of  the  unstabllzed  lasers.5 

Since  the  time  constants  of  the  various  filters 
in  this  phase-lock  loop  are  not  widely  spaced,  S^(f), 
the  spectral  density  of  phase  fluctuations  between  the 
two  lasers,  must  be  calculated  on  a  point -by-point 
basis.  We  find  that  S^OO  kHz)  £  -90  dB  relative  to 
1  rad2.  This  noise  level  is  comparable  to  a  Gunn- 
effect  oscillator  referred  to  its  operating  frequency 
of  10  GHz. 


FIGURE  1.  Schematic  diagram  of  the  system  for  hetero¬ 
dyning  two  far  infrared  (FIR)  lasers. 


Conclusions 


In  the  near  future,  we  expect  the  expansion  of 
the  fields  of  time  and  frequency  and  telecommunications 
into  the  infrared  to  accelerate  significantly.  It  is 
likely  that  the  far-infrared  laser  will  be  a  workhorse 
oscillator  for  that  frequency  range.  To  promote  this 
possibility,  it  is  necessary  to  develop  a  variety  of 
modulation  and  phase-locking  techniques  such  as  are 
available  in  the  microwave  region.  The  Stark  fre¬ 
quency  modulation  and  phase-lock  technique  which  is 
described  here  is  a  step  in  this  direction.  When  com¬ 
bined  with  suitable  low  noise  microwave  sources  and  ef¬ 
ficient  multipliers  it  will  permit  frequency  synthesis 
over  a  large  portion  of  the  far-infrared  wavelength 
region. 
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FIGURE  2.  Block  diagram  of  the  phase-lock  loop  system. 
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CHANGE  IN  CAVITY  LENGTH  (um) 

FIGURE  3.  Output  power  of  the  FIR  laser  as  a  function 
of  cavity  length.  In  addition  to  the  main 
cavity  modes,  there  are  visible  a  small 
number  of  higher  order  modes. 
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FIGURE  4.  Frequency  spectrum  of  a  Stark-tuned  FIR 

laser  with  a  modulation  frequency  of  50  kHz. 


Fig.  5.  a)  Beat  frequency  spectrum  of  two  unlocked  FIR  lasers. 

b)  Beat  frequency  spectrum  of  two  phase-locked  FIR  lasers. 
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FICURE  6.  Frequency  spectrum  of  the  feedback  voltage 
in  the  closed-loop  condition. 
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FIGURE  7.  Asymptotic  form  of  the  magnitude  of  the 
open-loop  transfer  function. 
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Summary 

V'e  report  a  direct  frequency  measurement 
of  the  shifts  and  modulation  induced  by  the 
application  of  an  electric  field  on  an  opti¬ 
cally  pumped  CH3F  far  infrared  laser.  These 
effects  are  obtained  only  if  the  laser  reso¬ 
nator  is  slightly  offset  from  the  molecular 
transition  frequency,  so  that  the  electric 
field  enhances  the  cavity  pulling  shift.  A 
detailed  computation  of  the  Stark  multiplet 
pattern  and  intensities  is  included  and  the 
change  in  the  gain  profile  of  the  active  me¬ 
dium  by  the  electric  field  is  discussed. 

The  demonstrated  control  of  the  laser  frequen 
cy  by  an  electric  field  will  allow  high  speed 
FM  modulation  or  fast  laser  frequency  stabi¬ 
lization. 

Introduction 

Many  new  far  infrared  laser  lines  have 
been  obtained  by  optically  pumping  near  in¬ 
frared  vibrational  transitions  of  several  mo¬ 
lecules.  The  frequency  of  these  lasers  ran¬ 
ges  from  0.15  to  about  20  THz  and  a  CW  inten¬ 
sity  from  1  to  100  mw  can  be  easily  obtained 
for  the  strongest  lines.  The  frequency  tuna- 
bility  is  within  the  Doppler  or  collision 
width  of  the  lasing  line  and  also  the  speed 
of  the  frequency  modulation  is  limited  becau¬ 
se  of  the  absence  of  suitable  electro-optic 
materials  in  the  far  infrared. 

1  2 

The  Stark  effect  was  proposed  ’  as  a 
possible  method  to  increase  the  frequency 
tunability  and  to  obtain  a  high  speed  frequen 
cy  modulation  in  FIR  lasers,  since  many  of 
the  known  lasing  molecules  exhibit  a  large 
Stark  effect.  Laser  action  in  the  presence 
of  an  electric  field  has  been  previously  re¬ 
ported  in  several  papers. 

At  present  at  least  two  groups10’11,  to 
our  knowledge,  are  at  work  about  frequency 
measurements  on  Stark  controlled  lasers, 
however  no  report  has  yet  appeared. 

Here  we  report  a  direct  frequency  measurement 
of  Stark  tunability  on  the  604  GHz  line  of 
CH3F  laser. 

Experimental  apparatus 

In  fig.  1  the  experimental  set-up  is 


shown  schematically.  It  comprises:  a  c’O  la¬ 
ser  with  the  frequency  stabilization  servo 
for  pumping,  a  CH3F  Stark  controlled  laser, 
a  75  GHz  klystron  with  the  frequency  measure¬ 
ment  chain,  a  iV-Ni  point  contact  mixer  and  a 
spectrum  analyzer  to  observe  the  beat  note. 
Most  of  the  details  of  this  apparatus  tv.-e 
been  described  in  previous  pa  eers " c  * 1  » 1  i  ro 
only  the  main  features  '.till  ce  discusses  here. 

The  FIR  laser  has  a  dielectric  ..'•••e  -n 
configuration  with  flat  interna  1  mirrors  on- 
coupling  holes  for  input  or.  i  '  .tout  tower. 

As  a  waveguide  we  use  a  t  yr*.x  *  . :  e,  cm  lone 
and  13  mm  internal  diameter.  .■.<„>  otor/.  ;  1  ci¬ 
tes  are  two  silver  coated  glass  .-.ales,  i  la¬ 
ced  at  a  d-stance  of  .  or  outside  of  tne  va¬ 
cuum  system.  They  are  slightly  snorter  than 
the  waveguide,  so  small  portions  of  tne  acti¬ 
ve  medium,  near  input  and  output  holes  are 
not  immersed  into  the  electric  field.  The 
CH3F  gas  is  flowed  slowly  through  the  laser 
at  a  pressure  of  about  :>0  r.Torr.  The  tump 
power  is  delivered  by  a  commercial  00^  laser, 
capable  of  about  20  watt  at  9.55  /im,  and  is 
focused  into  the  FIR  resonator  by  concave 
mirror  optics.  A  small  fraction  of  the  C02 
power  is  passed  through  a  CH3F  reference  cell 
and  is  monitored  by  a  pyroelectric  detector. 
The  signal  from  this  detector  is  used  to  gene¬ 
rate  an  error  voltage  that  locks  the  COj  fre¬ 
quency  to  the  absorption  peak  of  CH3F^3  , 

In  most  of  our  measurements  the  polarization 
of  the  CO2  laser  is  parallel  to  the  Stark 
field.  The  FIR  laser  output  is  mixed  in  a 
W-Ni  open  structure  point  contact  diode  with 
the  microwave  power  from  a  klystron.  The 
klystron  is  operated  free  running  at  about 
75530  MHz  and  is  energized  by  a  very  low  noi¬ 
se,  low  drift  power  supply. 

Part  of  the  microwave  powerfvia  a  directional 
coupler, is  used  to  compare  the  klystron  fre¬ 
quency  to  a  5  MHz  crystal  oscillator  by  means 
of  a  synthesizer  and  a  conventional  frequency 
multiplier  chain.  The  beat  note  between  the 
laser  and  the  eighth  harmonics  of  the  klystron 
at  about  57.5  MHz  is  jr. cessed  by  a  wideband 
amplifier  and  displayed  on  a  spectrum  analy¬ 
zer. 

Results  and  Die'  'nsion 
The  first  result  we  or"  lined  is  a  new 


direct  measurement  of  the  496  ^un  K  =  2  line 
of  the  CH3F  laser.  The  experimental  appara¬ 
tus  was  slightly  different  with  the  klystron 
phase-locked  to  a  stable  reference  obtained 
by  multiplication  from  a  very  high  quality 
quartz  oscillator.  The  details  of  this  mea¬ 
surement  are  reported  in  ref  12  and  the  re¬ 
sult  is 

fCH  F(496  J™*  K=2)  =  604297-5  ♦  0.2  MHz 

Occasionally  we  observed  on  the  spectrum  ana¬ 
lyzer  a  double  peak  in  the  beat  signal;  a 
typical  result  is  shown  in  fig.  2. 

The  two  peaks  are  of  equal  intensity, are 
separated  of  about  920  KHz  and  both  intensity 
and  frequency  separation  seem  to  be  unaffected 
by  pressure  changing  in  laser  operation  (from 
40  to  150  mTorr)  and  by  a  change  in  the  fre¬ 
quency  offset  between  the  C02  pump  radiation 
and  the  CH3?  absorption  transition. 

The  two-peak  situation  has  been  observed 
both  in  copper  and  in  dielectric  waveguide 
resonators.  The  two  peaks  are  too  symmetric 
and  their  frequency  separation  too  small  to 
be  interpreted  as  different  modes  of  the  laser 
cavity. 

It  could  be  guessed  an  interpretation 
according  to  the  theory  developed  by  De  Temple 
and  Danielewicz14.  Kramer  and  Weiss  ^  have 
also  reported  something  similar.  They  '/rite 
of  a  central  dip  1  MHz  wide.  Considerin,  that 
their  laser  threshold  is  lower  than  ours,  the 
two  peaks  we  observe  could  be  the  upper  struc¬ 
ture  of  their  dip.  Nevertheless  the  frequency 
separation  we  observe  between  the  peaks  is 
too  large  for  the  offset  between  the  CO2  ra¬ 
diation  and  the  CH3F  absorption  transition, 
which  is  of  11~13  MHz.  Another  interpreta¬ 
tion  could  be  guessed  by  the  theory  reported 
by  Leite  et  al.  in  ref.  16  . 

In  our  experiment  the  pump  transition  is 
"Doppler  broadened"  but  the  Doppler  effect 
(AVj,  1.3  MHz)  at  the  FIR  frequency  is 
negligible  compared  to  the  pressure  broadening 
(A  V  —  2  MHz).  In  this  case  no  splitting 
of  thl  emitted  FIR  line  is  predicted  16 . 

It  is  worth  noting  that  the  pressure  broade¬ 
ning  of  the  V  ,  K=2,  <1=1 2  -*  <1=11  rotational 
transition  in  CH3F  is  extrapolated  here  (and 
also  in  14  )  by  measurements  of  pressure  broa- 
derings  in  the  gro  ;.nd  vibrational  state  :t 
low  <T  values1^.  So  the  value  which  is  given 
(  40  ”Hz/Torr)  could  be  significantly  overesti. 
mated. 

The  experimental  results  on  the  Stark 
control  of  the  laser  frequency  can  be  better 
understood  if  some  of  the  theoretical  results 
of  the  next  section  are  anticipated.  The 
gain  curve  of  the  active  medium  is  symmetri¬ 
cally  broadened  but  not  appreciable  shifted 


by  a  moderate  electric  field,  so  if  the  laser 
resonator  is  tuned  to  the  center  of  the  mole¬ 
cular  transition,  no  frequency  change  will  be 
induced  by  the  electric  field. 

So  a  certain  amount  of  cavity  pulling  is  ini¬ 
tially  introduced  by  offsetting  the  frequency 
of  the  laser  cavity  from  the  molecular  tran¬ 
sition.  The  FIR  frequency  shift  or  modulation 
is  then  obtained  by  applying  the  electric 
field  to  the  Stark  plates.  A  typical  result 
for  a  static  frequency  shift  is  shown  in  fig. 

3.  In  that  case  the  applied  field  is  220V/cm 
and  the  observed  frequency  shift  (upper  trace) 
is  about  200  KHz.  The  vertical  scale  is  loga¬ 
rithmic  and  the  signal-to-noise  ratio  is  about 
10  dB.  The  maximum  shift  we  observed  is  about 
300  KHz  with  a  Stark  coefficient  (frequency 
shift/applied  electric  field)  of  2  KHz/(volt/ 
cm) . 

The  observed  shift  is  roughly  proportional  to 
the  cavity  detuning  and  to  |E|  and  its  direc¬ 
tion  is  the  same  as  the  cavity  detuning  itself. 

If  an  AC  electric  field  is  superimposed 
to  the  DC  field  a  frequency  modulation  of  the 
laser  output  is  obtained.  However,  due  to 
the  free  running  operation  of  the  klystron, 
a  poor  resolution  on  the  spectrum  analyzer 
is  available  (see  fig.  3) »  so  at  present  only 
qualitative  results  have  been  obtained. 

Theory 

The  CH3F  molecule  is  a  symmetric  top  and 
simple  equations  can  be  obtained  for  the  fre¬ 
quencies  of  the  rotational  and  vibrational 
lines  in  presence  of  an  electric  field  E 
(Stark  effect).  Moreover  for  CH3F  the  mole¬ 
cular  constants  have  been  accura¬ 

tely  measured  1 8  and  accurate  computation  of 
the  Stark  effect  can  be  performed.  The  selec¬ 
tion  rules  for  the  rotational  transitions  are 
AJ  =  +  h  4  t  =  0,  and  AM  =  0 ,  +  1  and 
the  frequency  shifts  of  the  Stark  components 
are: 

2^BMK  /«t*<A  MB  ,,, 

A  R  =  J(T  tl)i 


where  J  is  the  larger  of  the  two  quantum  num¬ 
bers  involved. 

Terms  in  E2  are  negligible  for  CH  F  up  to  a 
field  of  several  KV/cm  and  for  V ^  =  1 ,  <J=12-11 
the  eq.(l)  becomes:  J 

A  v R  =  ke(i.ii8k  -  6.149  a  k)  77-  (2) 

y/c«l 

For  the  vibrational  transitions  of  the  Q 
branch  (A  J  =0)  we  found: 

AM  -  O'-AJEKM  a,  EKAM  , ,3 
v“  T  { J  ♦  *1 )  Vi  (3' 


and  for  the  Q(12)  line  of  CH^F 
A  Vv  =  K(-0.151  M  -  6.150  A  M)£ 


M 


where  the  electric  dipole  moment  of  the 

ground  vibrational  state  and  is  the  elec¬ 
tric  dipole  moment  in  the  excited  state. 

The  shifts  of  the  vibrational  lines  are  much 
smaller  than  the  line  widths  as  a  consequence 
of  the  term  (/*- ,-/<>«)  and  the  pumping  effi¬ 
ciency  of  the  CO2  laser  radiation  is  not  si¬ 
gnificantly  changed  in  presence  of  an  electric 
field. 


The  position  of  the  rotational  lines  as 
a  function  of  the  electric  field  is  shown  in 
fig.  4.  The  electric  dipole  moment  in  the 
excited  vibrational  state  and  the  ?  vector 
of  the  FIR  radiation  are  orthogonal  to  the 
E  vector  of. the  CO2  radiation  as  a  consequence 
of  the  pumping  by  a  Q  line.  When  the  pumj)  is 
obtained  by  a  A  M  =  0  transition  (E--  //E„  v) 
the  FIR  radiation  is  emitted  by  AM  =  £  1  &r 
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transitions 

i’:e  relative  intensity  of  the  Stark  components 
of  the  rotatioiiai  J  — *•  J  +  1  line  are  given 
by  the  equations 


I  (A  M  =  0)  =  (J  ♦  I)2  -  M2  (5) 


I  (  AM  =  +1)  =  (J+1  +  M)  ( J+2  +  M)  (6) 


For  A  M  <■  0  we  obtain  23  lines,  for  AM  =  +  1 
we  obtain  46  lines  but  we  can  see  from  eq.  1 
that  12  lines  with  A  M  =  -  1  (from  M  =  -  11 
to  M  =  0)  have  the  same  frequency  as  12  lines 
with  A  M  =  +  1  (from  M  =  0  to  M  =  +  11)  and 
there  are  only  34  resolved  lines  of  which  only 
the  12  central  lines  have  a  significant  in¬ 
tensity  as  shown  in  fig.  5. 

The  gain  profile  of  the  FIR  laser  can  be  com¬ 
puted  from  the  above  equations  if  the  shape 
and  the  width  of  the  496  fm  lines  are  known. 

At  room  temperature  the  Doppler  width  is  1.3 
MHz.  No  experimental  measurements  exist  for 
the  pressure  self-broadening  but  from  the 
discussion  of  preceding  section  is  seems  rea¬ 
sonable  to  assume  a  pressure  broadening  of 
ar  40  MHz/Torr.  At  the  best  working  pressure 
we  have  an  homogeneous  pressure-broadened  line 
which  is  a  little  larger  than  the  Doppler 
width.  The  shape  of  the  line  is  given  by  the 
Voigt  equation  but  as  a  good  approximation  we 
'.ai.  use  a  Lorentz’s  line  with  a  width  2ya2MHz. 
In  this  case,  assuming  an  equal  excitation  for 
all  the  M  sublevels , the  gain  profile  of  the 
FIR  laser  is  given  by 

y  I*. 

z  L 


I  (v)  = 

AH'J 


and 


+ 


+  - * - ) 

f 

The  results  for  different  values  of  the  ap¬ 
plied  electric  field  are  shown  in  fig.  6. 

We  can  see  that  the  single  Stark  components 
start  to  be  resolved  for  an  electric  field  of 
about  1  KV/cm.  Moreover  the  gain  for  a  given 
E  field  is  a  little  larger  for  the  A  M=+1 
transitions. 

The  threshold  of  our  present  dielectric  wave¬ 
guide  laser  is  at  about  0.3  of  the  gain  profi¬ 
le  and, as  a  consequence,, the  Stark  effect  tu- 
nability  of  the  FIR  laser  can  be  obtained  only 
via  frequency  pulling  of  the  offset  resonator. 
New  FIR  lasers  are  in  preparation  which  should 
lower  the  threshold  by  a  factor  4  ~  5  .  In 
this  case  a  Stark  tunability  of  several  MHz 
could  be  easily  accomplished. 

The  present  difficulty  follows  from  the  high 
J  value  of  the  lasing  transition  which  redu¬ 
ces  the  relative  intensity  of  the  single 
Stark  components.  The  Stark  shift  is  also 
strongly  dependent  on  the  J  and  K  values. 

A  low  J  and  high  K  transition  will  have  a  much 
larger  Stark  shift  and  will  be  easier  to  lase 
on  a  single  Stark  component.  In  this  case 
a  tunability  range  of  several  hundreds  of  MHz 
will  be  feasible. 
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Fig.  1  Schematic  diagram  of  the  experimental 
apparatus 


Fig.  3  Analyzer  display  of  the  FIR  laser 
frequency  shift.  The  lower  trace  is 
the  beat  note  for  zero  field  while 
the  upper  trace  is  for  a  field  of 
220  V/cm. 


Fig.  2  Spectrum  analyzer  display  of  the  beat 

note  between  the  laser  and  the  klystron: 
an  unusual  feature  which  has  been  occasio¬ 
nally  observed  is  the  double  peak  structure. 


L 
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Pig.  5  Intensity  pattern  of  the  Stark  raultiplet  for  A  M  *  +  1  and 
for  4  M  *  0  selection  rules  in  the  case  of  a  J  -  11-12 
transition. 


Fig.  6  Relative  gain  profile  of  the  496  )Um  line  for  different  values 
of  the  static  electric  field.  The  gain  is  normalized  to  1  for 
the  maximum  without  field.  All  the  gain  profiles  are  symmetric 
around  the  unperturbed  center  frequency  V0  and  here  only  one 
side  is  shown.  Each  single  Stark  component  is  supposed  to  be 
Lorentzian  in  shape  with  a  full  width  of  2  MHz. 
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THE  TRAPPED  MERCURY  ION  FREQUENCY  STANDARD 


Michael  D.  McGuire 
NASA/Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 


Summary 

Singly  Ionized  mercury  atoms  have  a  structure 
similar  to  neutral  alkali  atoms.  They  can  be  main¬ 
tained  as  Ions  for  very  long  times  In  an  rf  quad- 
rupole  Ion  trap.  Thus  their  ground  state  hyperfine 
structure  can  be  used  to  make  a  frequency  standard 
using  optical  pumping  techniques  similar  to  the  well 
known  rubidium  standard.  The  mass  199  isotope  of 
mercury  has  an  Ionic  hfs  of  40.5  GHz.  In  a  trap 
system  a  llnewldth  of  10  Hz  has  been  measured.  Short 
term  stability  of  a  proposed  mercury  standard  as  set 
by  the  achieved  signal  to  noise  ratio  is 

6f /f  -  6  x  10"12/  /t  . 

There  is  prospect  of  further  Improvement.  Long  term 
stability  Is  affected  by  second  order  doppler  effect, 
and  by  pressure,  light,  and  Stark  shifts.  However 
these  appear  either  sufficiently  small  or  sufficient¬ 
ly  controlable  that  the  proposed  mercury  ion  standard 
would  be  competitive  with  existing  standards. 

Introduction 


The  hyperfine  structure  of  alkali  atoms  has 
been  the  basis  of  most  successful  atomic  frequency 
standards.  A  whole  new  set  of  alkali-like  "atoms" 
can  be  created  by  singly  Ionizing  the  alkaline  earth 
elements  such  as  strontium,  barium,  or  mercury.  In 
spectroscopic  language  the  Iso  ground  states  go  to 
2sl/2  Kround  states  In  the  ions.  The  mass  199  iso¬ 
tope  of  mercury  has  a  nuclear  spin  of  1/2  and  thus 
a  hyperfine  structure  (hfs)  Just  the  same  as  the 
simple  hfs  of  hydrogen  except  that  the  splitting  is 
40.5  GHz  instead  of  1.4  GHz. 


An  rf  quadrupole  ion  trap  will  hold  ions  for 
hours  in  a  high  vacuum  well  isolated  against  recom¬ 
bination  and  other  perturbing  influences.  The  trap 
itself  is  an  arrangement  of  rf  and  dc  electric 
fields  which  create  a  potential  well.  The  hfs  of  ^He 
was  investigated  by  Schuessler,  Fortson,  and  Dehmelt* 
using  a  trap  technique.  Dehroelt^  has  done  a  detailed 
discussion  of  the  theory  and  operation  of  Ion  traps. 


Principle  of  Operation 

199  + 

A  frequency  standard  using  the  hfs  of  Hg 
stored  In  a  trap  can  be  realized  using  an  optical 
pumping  arrangement  similar  to  a  rubidium  standard. 

The  pump  light  Is  from  mass  202  isotope  mercury  ions. 
This  is  an  even-even  isotope  and  has  therefore  no  nuc¬ 
lear  spin  and  no  hfs.  A  fortuitous  consequence  of 
isotope  shift  is  that  the  6S. — 6P.  transition  at 
194.2  nm  in  202flg+  has  a  gooa  overlap  with  the  same 
transition  in  l99Hg+  from  ths  F  «  1  hyperfine  substate, 
but  not  from  the  F  •  0  substate.  Figure  1  shows  the 
level  structures.  The  199Hg+  ions  excited  by  the 
pump  light  to  the  6P.  state  fall  back  to  both  hyper¬ 
fine  substates  of  the  6S.  ground  state,  emitting  194.2 
nm  fluorescence  radiation.  In  the  absence  of  the 
40.5  GHz  excitation  the  F  •  1  suba^ate  is  depopulated 
and  the  fluorescence  disappears.  In  the  literature 
this  is  often  called  Intensity  pumping.  Thus  if  the 
hyperfine  excitation  is  present  and  svept  in  frequency, 
the  hfs  resonance  can  be  seen  In  the  intensity  vari¬ 
ation  of  the  fluorescence  light.  This  light  signal 
can  be  used  in  the  usual  way  to  control  a  frequency 


standard  oscillator.  For  comparison  In  the  rubidium 
optical  pumping  standard  the  same  sort  of  set  of 
atomic  transitions  Is  used,  but  absorption  of  pump 
light  Is  monitored  rather  than  fluorescence  because  a 
much  higher  particle  density  Is  possible  In  a  rubi¬ 
dium  cell. 

The  first  work  was  done  with  the  mercury  Ion  sys¬ 
tem  by  Major  add  Werth3.  They  measured  a  llnewldth  of 
about  10  Hz.  This  amounts  to  a  line  Q  of  4  x  1(>9.  ^ 

This  is  matched  only  be  the  proposed  passive  H-oaser  . 
Further  work  was  done  with  the  mercury  ion  system  by 
McGuire,  Petsch,  and  Werth5.  They  achieved  a  large 
improvement  In  signal  to  noise  ratio  that  now  makes  it 
possible  to  consider  building  a  frequency  standard 
using  the  mercury  Ion. 


Apparatus 

The  apparatus  of  McGuire  et  al.  Is  shown  schem- 
aticly  in  figure  2.  The  trap  electrodes  are  con¬ 
jugate  hyperboloids  of  revolution.  A  characteristic 
dimension  is  zD,  half  the  distance  between  the  two 
sheet  parts,  about  15  mm.  The  trap  holds  199gg+  £onE 
for  times  ranging  to  hours.  A  202^+  discharge  lamp 
excited  by  about  100  watts  of  100  MHz  rf  provides  the 
pump  light.  The  method  of  fabrication  and  the  oper¬ 
ating  conditions  strongly  affect  its  output  at  194. 2nm. 
The  light  from  the  lamp  passes  through  the  trap  and 
is  monitored.  The  monitor  signal  can  be  used  to 
reduce  lamp  noise.  The  fluorescence  signal  is  taken 
at  right  angles  to  the  incoming  light  to  avoid  being 
swamped  by  the  incoming  light  since  it  is  all  at  the 
same  wavelength.  Herein  lies  the  greatest  part  of 
the  signal  to  noise  problem.  Scattered  and  reflected 
light  from  the  incoming  beam  forms  a  large  background 
to  the  fluorescence  signal.  To  date  the  best  com¬ 
promise  between  a  large  amount  of  pump  light  reaching 
the  trapped  ions  and  sufficient  colllmation  to  cut 
down  the  reflection  and  scattering  has  resulted 
in  a  signal  about  2. 51  of  background. 

The  40.5  GHz  excitation  is  obtained  from  a  klys¬ 
tron  oscillator  phase  locked  to  a  harmonic  of  a  low 
frequency  synthesizer  of  good  spectral  purity  and  stab¬ 
ility.  The  electron  gun  creates  ions  In  the  trap  from 
the  low  presssre  background  of  mercury  atoms  allowed 
to  exist  in  the  trap  vacuum  chamber.  A  solar  blind 
(sensitive  to  only  uv  light)  photomultiplier  Is  used 
to  observe  the  fluorescence  signal.  An  Interference 
filter  peaked  at  194  nm  removes  light  from  the  elec¬ 
tron  gun  and  also  discriminates  against  a  strong  atomic 
line  of  mercury  at  254  nm  that  is  present  In  the  back¬ 
ground.  The  photomultiplier  signal  is  processed  in 
photon  counting  mode  to  obtain  best  possible  noise 
performance  at  the  low  signal  level.  A  frequency  stan¬ 
dard  would  exist  if  the  fluorescence  signal  were  fed 
back  to  control  the  frequency  of  the  klystron — a 
frequency  locked  loop. 

Short  Term  Stability 

The  background  count  rate  was  about  250,000/sec 
and  the  signal  was  about  2.5X  of  this.  Assuming  aquare- 
squarewava  frequency  modulation  is  used  between  the 
two  steepest  points  on  opposite  sides  of  the  Lorentslan 
resonance  curve  to  obtain  the  discriminate*  signal, >n» 
obtain  a  shot  noise  limited  short  term  frequency  stab¬ 
ility  of 


if/f  -  6.4  x  10"12//t 

as  Illustrated  In  figure  3.  It  Is  comparable  to  exis¬ 
ting  cesium  end  rubidium  standards. 

Further  Improvement  In  signal  to  noise  ratio  la 
In  prospect.  Considerable  reduction  of  light  back¬ 
ground  should  be  possible  with  a  right  circular  cylin¬ 
der  (tuna  fish  can)  trap  Instead  of  a  hyperbololdal 
trap.  The  Idea  Is  Illustrated  In  figure  4.  An  analy¬ 
sis  by  Benllan  and  Audoin^  Indicates  minimal  change  In 
trapping  behavior.  Werth  and  Ifflaender7  achieved 
complete  suppression  of  the  background  In  an  experiment 
with  trapped  barium  Ions  by  using  a  laser.  Unfor¬ 
tunately  a  laser  at  194.2  nm  Is  not  Immediately  in 
prospect  for  the  mercury  Ion  standard.  However  the 
limits  have  probably  not  been  reached  for  improvement 
In  lamp  Intensity.  A  factor  of  two  or  three  Improve¬ 
ment  may  lurk  in  the  overall  quantum  efficiency  of  the 
photomultiplier — Interference  filter  combination. 

Systematic  Effects  and  Long  Term  Stability 

The  fact  that  the  ions  are  harmonlcly  bound  In 
an  active  potential  well  has  various  consequences  In 
terms  of  frequency  shifts  that  are  produced.  The  first 
order  doppler  shift  Is  nil.  The  Dlcke®  theorem  pre¬ 
dicts  that  the  first  order  spectrum  consists  of  the 
unshlfted  central  line  plus  sidebands  spaced  at  Integer 
multiples  of  the  harmonic  motional  frequency  (typically 
50  KHz)  away  from  the  central  line.  The  buffer  gas 
has  a  similar  effect  In  a  rubidium  cell. 

The  second  order  doppler  shift  Is  of  far  greater 
consequence.  It  has  been  predicted2  and  found  experi¬ 
mentally7  that  the  average  energy  of  ions  In  an  rf 
trap  is  about  1/10  of  the  well  depth.  The  ratio  of 
fractional  shift  to  kinetic  energy  for  mercury  Ions  Is 
5  x  10"12/eV.  Experimental  results  are  shown  In 
figure  5.  The  error  bars  reflect  limitations  in  the 
spectral  purity  of  the  40.5  GHz  source.  A  deep 
potential  well  Is  desirable  to  trap  a  greater  density 
of  Ions  for  a  higher  signal  to  noise  ratio  while  a 
shallow  well  would  minimized  the  shift.  However  a 
stabilized  shift  is  acceptable  for  frequency  standard 
purposes.  If  everything  scales,  0.1Z  stabilization  of 
the  trap  voltages  whould  bring  fractional  fluctuations 
in  the  shifted  frequency  to  the  10“15  region.  Dehmelt2 
has  suggested  using  a  buffer  gas  of  light  atoms 
such  as  helium  to  reduce  the  second  order  doppler 
shift  by  colllslonal  cooling.  This  would  be  at  cost 
of  some  pressure  shift,  not  present  In  the  usual  10" 10 
operating  vacuum  for  the  trap  system.  The  pressure 
shift  for  mercury  Iona  in  helium  Is  not  known,  but 
Vetter,  Stuke,  and  Weber?  measured  the  shift  for  struc¬ 
turally  very  similar  barium  Ions  In  helium  st  about 
102  Hz/torr.  A  10" 6  torr  buffer  gas  pressure  might 
produce  useful  cooling  of  the  mercury  Ions.  Thus  the 
fractional  pressure  shift  would  be  In  the  10"13  region. 
A  pressure — temperature  stabilization  scheme  could 
reduce  fluctuations  In  the  shift  by  two  more  orders  of 
magnitude. 

The  electric  fields  of  the  trap  Itself  might  be 
expected  to  produce  some  Stark  effect  shift.  These 
fields  are  of  the  order  of  500  V/cm.  To  lowest  order 
the  Stark  shift  of  hydrogen- like  hfs  varies  as  E2.  No 
measurements  are  available  for  a  trap  standard.  Huan 
and  Zacharies  measured  the  shift  for  csslum  and  found 
a  4f/f  -  2.5  x  10" 16  E2,  (I,  V/cm)  which  la  a  trap 
would  amount  to  a  if/f  m  6  x  10"".  However  Ions  have 
smaller  polarizability  than  leoelectronlc  atoms.  Also 
fields  at  the  center  of  the  trap  are  emaller  and  vary 
quedratlcly  outwards.  The  Ions  remain  mostly  la  the 
low  field  canter  of  the  trap.  Assuming  the  lone  remain 
la  a  spherical  volume  of  radius  half  the  maximum  of  the 


trap,  the  field  Is  down  by  a  factor  of  four  and  the 
shift  by  a  factor  of  sixteen.  If  the  Ionic  polariz¬ 
ability  is  1/10  that  of  the  ssoelectronlc  atom,  then 
the  shift  would  be  if /f  -  4  x  10~14.  The  stabilization 
of  trap  voltages  to  control  the  second  order  doppler 
shift  would  also  stabilize  this  shift,  probably  into 
the  10" 17  region. 

Hyperfine  structure  Is  susceptible  to  magnetic 
shifts.  We  use  the  (F  ■  1,  m  -  0)  to  (F  ■  0,  m  »  0) 
transition  which  has  quadratic  field  dependence. 

From  the  Breit-Rabl  formula 

4£  "  <*J  -  gj)wBHl/2hV8- 

where  g,  and  g  are  are  the  electronic  and  nuclear  g 
factors,  y  Is1 the  Bohr  magneton  and  v.  .  Is  In  this 
case  40.5  "GHz.  For  3?9Hg*  we  have  8 

if  -  97.2  H2,  H  In  gauss 

The  high  hyperfine  frequency  makes  this  the  smallest 
magnetic  shift  of  all  the  atomic  frequency  standards 
so  that  the  shielding  and  magnetic  construction  mate¬ 
rial  problem  Is  slightly  alleviated.  Figure  6  shows 
some  measurement  results. 

Because  there  Is  not  perfect  overlap  between  the 
pump  light  spectrum  and  the  absorption  spectrum  of  the 
trapped  Ions  (see  figure  1)  there  will  be  a  linear 
shift  In  the  hyperfine  frequency  with  light  Intensity. 
Data  on  the  relative  spectral  profiles  and  offsets  of 
sufficient  accuracy  are  not  at  hand.  A  similar  prob¬ 
lem  exists  with  the  rubidium  standard.  Possible 
solutions  are  isotope  mixtures  In  the  pump  lamps  or 
alternate  application  of  microwave  and  light  excitation 
to  the  ions*!. 

Spin  exchange  shifts  will  be  minimal  at  the  low 
background  pressures  used.  This  a  basic  advangage  of 
electrodynamic  confinement  of  Ions  over  physical  con¬ 
finement  of  atoms  with  a  buffer  gas  or  a  coated  cell. 

Conclusions 

In  sunmary  the  achievable  short  term  stability 
and  prospects  for  further  improvement  make  it  attrac¬ 
tive  to  continue  further  development  of  the  mercury 
Ion  standard.  The  estimates  of  long  term  shifts  and 
sources  of  error  are  not  discouraging,  but  are  general¬ 
ly  speculative  and  based  mostly  on  other  systems. 

As  Is  true  of  other  frequency  standards,  some  short 
term  stability  will  have  to  be  traded  off  for  Improve¬ 
ment  In  long  term  stability.  A  large  part  of  the  work 
to  be  done  lies  in  obtaining  a  good  bargain  In  this 
respect. 
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FIGURE  1 


CALCULATED  STABILITY  OF  MERCURY  STANDARD 


FIGURE  4.  Right  circular  cylinder  (Tuna  Fish  Can)  trap. 


FIGURE  3. 


Predicted  short  term  stability  of  mercury  Ion 
frequency  standard. 


Shift  of  the  Hyperfine  Resonance  of  '«Hg  * 
as  a  Function  of  the  Potentiel  Well  Depth  of 
an  RF  Trap 


FIGURE  5 
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A  F  =  1,  A  mF  =  0  Transition  in  '"Hg* 


CLOCKS  BASED  UPON  HIGH  MECHANICAL  Q  SINGLE  CRYSTALS* 


D.  F.  McGuigan  and  D.  H.  Douglass 
Department  of  Physics  &  Astronomy 
University  of  Rochester 
Rochester,  New  York  14627 


Summary 

Large,  nearly  perfect  single  crystals  of  silicon 
and  sapphire  are  commercially  available  with  masses  of 
many  kilograms.  These  crystals  have  been  shown  to  have 
very  large  mechanical  quality  factors  at  low  tempera¬ 
tures  when  oscillating  in  low  mechanical  modes.3  In 
this  paper  we  consider  the  possibility  of  making  these 
mechanical  oscillators  into  stable  clocks  and  frequency 
standards.  The  fundamental  limits  to  frequency  stabil¬ 
ity  arising  from  the  Brownian  motion  of  the  oscillator, 
the  electrical  noise,  and  the  quantum  limit  are  all 
considered.  All  of  these  limits  can,  with  proper 
choice  of  parameters,  be  below  the  performance  levels 
of  presently  available  frequency  sources.  The  factors 
which  limit  the  frequency  stability  are  likely  to  be 
due  to  time  varying  processes  within  the  crystal. 


input  of  a  lock-in  amplifier  and  V  -  V.  is  demodulated 
with  a  local  oscillator  [a  Rockland  5100  frequency  syn¬ 
thesizer  locked  to  a  high  stability  quartz  oscillator] 

at  a  frequency  close  to  u>.  If  RCr  »  —  (where  2n/u 

is  the  period  of  oscillation  of  the  crystal) ,  the  rela¬ 
tionship  between  AX  of  the  crystal  and  the  signal  AV  at 
u)  ia 

av  *  t  i  n  i  *x  •  (3) 

1  3C  - 1 

The  value  of  —  —  was  approximately  10  to  100  cm  . 

The  precise  value  depends  on  the  electrical  conductiv¬ 
ity  of  the  faces  of  the  crystal.  For  the  voltages7used 
in  this  experiment.  V0  't  10  to  200  volts,  V  10  to 
10-3  volts,  the  range  of  displacements  measured  was  5  x 
10-11  to  10"6  cm. 


Key  words:  Mechanical  oscillator,  frequency  sta¬ 
bility,  silicon  single  crystal.  High  Q,  Quality  factor. 
Brownian  motion  limit,  and  quantum  limit. 

Introduction 

In  connection  with  our  efforts  to  construct  very 
sensitive  detectors  for  gravitational  radiation  we  have 
been  studying  che  properties  of  large  nearly  perfect 
single  crystals  of  silicon  and  sapphire.  These  crys¬ 
tals  are  cylinders  of  mass  several  kilograms  instru¬ 
mented  to  oscillate  in  their  first  longitudinal  mode  of 
vibration,  typically  20  kilohertz,  at  temperatures  the 
order  of  a  few  degrees  Kelvin.  One  of  che  important 
parameters  for  good  graviational  detectors  is  a  high 
mechanical  quality  factor,  Q,  which  is  related  to  the 
amplitude  relaxation  time,  T*,  by 


where  u>  is  the  (angular)  frequency  of  vibration.  We 
report  here  Q  values  in  excess  of  109. 

After  a  little  reflection  one  realizes  that  these 
graviational  wave  detectors  can  easily  be  made  into 
clocks.  Furthermore,  with  Q  values  this  high  one  might 
expect  to  make  a  very  good  clock.  How  good  these 
clocks  can  be  is  the  subject  of  this  paper. 


Figure  3  shows  the  amplitude  of  vibration  versus 
time  of  a  silicon  cylinder3  (mass  4.9  kg,  length  22.9 
cm,  diameter  10.6  cm,  f ( 4 . 2  K)  -  19,553.46542  Hz)  in 
free  decay  at  a  temperature  of  3.5  K.  The  measured  re¬ 
laxation  time  is  3.1  x  lO*  sec.,  which  corresponds  to  a 
Q  of  2  x  109. 

If  one  had  a  crystal  free  from  impurities  and  im¬ 
perfections  one  might  expect  significantly  higher  Q's. 
We  note  that  the  Q  values  reported  here  are  comparable 
in  magnitude  to  the  best  values  reported  in  other  pure 
materials:  4.2  x  109  in  quartz3  and  5  x  109  in  sap¬ 
phire.4  The  question  of  how  large  Q  can  be  in  a  pure 
crystal  is  an  interesting  one.  The  ultimate  loss  mech¬ 
anism  is  due  to  phonon-phonon  scattering  and  an  esti¬ 
mate  of  the  magnitude  leads  to  very  large  Q  values  at 
low  temperatures.  Before  reaching  this  limit  one  will 
probably  encounter  the  case  of  a  pure  crystal  with 
rough  surfaces.  Savedcff5  has  given  an  argument  to 
suggest  that  for  this  case  Q  n,  (pL/a)2,  where  L  is  the 
size  of  the  crystal  and  a  is  measure  of  the  surface 
roughness.  Choosing  l  ^  30  cm,  a  n.  10  7  cm,  one  esti¬ 
mates  that  Q  'v  1016is  feasible,  which  is  seen  to  be  8 
or  9  orders  of  magnitude  higher  than  what  we  have  pres¬ 
ently  achieved. 

Frequency  Stability  of  a  Mechanical  Oscillator 


Experimental  Methods  and  Q  Measurements 

Figure  1  illustrates  the  experimental  apparatus. 

A  crystal  cylinder  which  vibrates  in  its  first  longi¬ 
tudinal  mode  of  vibration  is  suspended  against  gravity 
in  a  vacuum  chamber  by  a  tungsten  wire  (typically  0.025 
cm  diam) .  The  wire  is  located  at  the  middle  as  shown, 
which  is  a  node  for  this  mode  of  vibration.  The  wire 
is  attached  to  a  "cold  plate"  which  can  be  at  any  temp¬ 
erature  above  1.4  K.  The  temperature  of  the  crystal 
can  be  controlled  by  changing  the  temperature  of  the 
"cold  plate."  Liquid  helium,  which  is  the  source  of 
the  cooling,  surrounds  the  vacuum  chamber  in  a  standard 
cryostat.  Figure  2  shows  schematically  the  electrical 
circuit  which  we  are  presently  using  for  exciting  the 
crystal  into  resonance  and  the  detection  of  the  subse¬ 
quent  motion.  This  scheme  is  essentially  that  of  a  ca¬ 
pacitance  microphone.  In  this  circuit  the  displacement 
AX  of  the  face  of  the  crystal  causes,  a  change  in  the  ca¬ 
pacitance  C,  which  produces  a  change  in  the  output  sig¬ 
nal  AV  at  the  resonator  frequency  ui 

AV  -  VA  -  VB  .  (2) 

The  voltages  Vft  and  Vg  are  put  into  the  differential 


We  consider  a  mechanical  oscillator  of  mass  M  vi¬ 
brating  with  amplitude  x  at  angular  frequency  uj.  The 
uncertainty  in  the  determination  of  the  frequency  f  is 
related  to  the  uncertainty  in  determining  the  time  in¬ 
terval  t  of  an  integral  number  of  cycles: 


Af  _  At. 
f  ~  T 


(4) 


The  uncertainty  in  t  is  caused  by  a  fluctuation  in  the 
amplitude 


At 


ll 

3x 


Ax 


1_ 

U)X 


Ax 


(5) 


so  that  we  have 


Af  ..  1  Ax 
f  ~  U)T  x 


(6) 


The  energy  of  the  oscillator  is 


E  =  M u>2x2 


(7) 


The  uncertainty  Ax  in  equation  6  can  be  caused  by  sta¬ 
tistical  fluctuation?  and  is 


•It 


Ax  -  (Ax'  +  Ax'  +  •  •  •  )^ 
1  2 


(8) 


where  the  bar  signifies  a  statistical  average  and  where 
allowance  for  more  than  one  source  has  been  explic¬ 
itly  indicated.  Equation  (6)  can  be  expressed  as 


Af 
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_1_ 

UT 


AE 
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(9) 


where  equation  (7)  for  E  has  been  used  and  where 


AE  »  Ho2  (Ax2  +  Ax2  +  •  •  - ) 


(10) 


AE,  +  AE2  +  ••• 


has  been  defined.  Equation  (9)  is  the  basic  relation¬ 
ship.  The  fluctuations  in  the  frequency  can  be  deter¬ 
mined  by  identifying  the  various  sources  of  uncertainty 
in  energy  as  expressed  by  equation  (10). 


Brownian  Motion  of  the  Oscillator 


The  fluctuation  in  che  amplitude  Ax  of  an  oscilla¬ 
tor  at  temperature  T  due  to  the  Brownian  motion  is  eas¬ 
ily  worked  out®  and  is 


(19) 


The  Q  dependence  of  this  expression  is  shown  in  Figure 
9  for  integration  times  of  1  sec  and  100  sec.  One  sees 
that  the  frequency  flucutatlons  from  this  source  are 
easily  smaller  than  that  of  available  sources  (such  as 
the  Hydrogen  maser  or  the  superconducting  cavity-stab¬ 
ilized  oscillator).  In  principle  one  can  make  this 
source  of  uncertainty  as  small  as  we  desire  by  making 
T  smaller  and/or  making  oscillators  with  larger  Q's. 


Electrical  Noise.  Let  us  suppose  that  we  can  make 
the  frequency  fluctuation  due  to  the  Brownian  motion  as 
small  as  we  like.  At  some  point  we  will  encounter  the 
noise  in  the  transducer  and  amplifiers  in  the  electri¬ 
cal  circuit.  Thus  there  will  be  an  energy  uncertainty 
AEg  which  when  determined  can  be  put  into  equation  (9) 
to  find  the  frequency  uncertainty.  Braginsky®  and 
Giffard®  have  shown  that  AEe  of  a  transducer-amplifier 
system  is  of  the  form 


Ax 
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(20) 


where  k  is  Boltzman' 

s  constant 

and 

fix 

J T<t  • 

T«T* 

n  - 

V  . 

TJX* 

(12ab) 

and  where  x*  is  the  amplitude  relaxation  time  given  in 
equation  (1).  Because  of  our  high  Q's  and  large  t*’s 
we  will  consider  only  case  (12a).  Putting  equation 
(11)  into  (9)  we  obtalri 


(13) 


Using  equation  (1)  this  can  be  expressed 


(14) 


If  one  remembers  a  relation  between  the  energy  loss  E 
of  the  oscillator  and  the  quality  factor  Q 


Q 


UE 


T 


(15) 


then  (14)  can  be  put  into  a  more  familiar  form 


* 


(16) 


If  the  power  P  delivered  to  the  measuring  circuit  is 
one-half  of  the  power  lost  as  it  frequently  is  in  an 
optimum  impedence  match,  equation  (16)  becomes 


which  is  identical  to  what  one  finds  in  the  literature.7 
We  shall  work  with  the  fluctuation  in  f  as  expressed  by 
equation  (14).  Putting  the  expression  for  the  energy, 
equation  (7),  into  (14)  we  obtain 


(18) 


Ws  will  now  estimate  the  order  of  magnitude  of  Af, 
Let  us  assume  M  •  1  x  10*  gms,  T  ■  IK,  si  •  2n  x  2*10* 
sec*1,  x  ■  10“*cm,  Q  •  10*,  which  corresponds  to  values 
of  parameters  that  can  be  easily  achieved. 


where  A  and  B  are  parameters  describing  the  particular 
transducer-amplifier  scheme.  The  first  term  is  fre¬ 
quently  associated  with  the  noise  from  the  amplifier 
and  the  second  term  is  frequently  referred  to  as  the 
Braginsky  back-reaction  effect.  It  is  sometimes  con¬ 
venient  to  define  a  noise  temperature  TN 


AE  -  kT„  .  (21) 

e  N 


We  note  that  at  short  integration  times  the  first 
term  dominates,  giving  a  Af/f  -  T-?  dependence,  c  id  at 
long  integration  times  the  second  term  dominates, 
yielding  Af/f  ~  i“i.  Let  us  consider  the  frequency 
fluctuation  UBlng  expression  (21) 
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Using  the  expression  for  E  and  the  values  of  the  param¬ 
eters  used  previously  we  obtain 


i  7  fl0_l,cm1  [ 

2  x  IO'HzI2 

x  Jl 

f  J  ' 

fl  seel  fWflO^f 

{  T  'JUkl  l  M  J  (23) 


To  estimate  the  order  of  magnitude  of  Af/f  we  consider 
several  cases. 


FET  Amplifier.  One  of  the  best  available  room- 
temperature  amplifiers  is  made  from  Field  Effect  Tran¬ 
sistors  (FET).  Although  T„  varies  with  T,  as  equation 
(20)  shows,  and  also  with  circuit  Impedence,  we  will 
estimate  the  frequency  fluctuation  assuming  T^  a.  0.25 
K,  which  is  close  to  what  can  be  achieved.  For  xM 
sec, 


^r|  a.  3.7  x  10-*7  ,  (24) 

'FET 

which  is  competitive  with  the  best  available  frequency 
standards  .  One  could  wish  to  do  better.  It  is  pos¬ 
sible  that  one  could  drive  the  oscillator  at  a  larger 
amplitude,  say  10*1  cm.  At  some  point,  though,  one 
would  expect  to  encounter  nonlinear  effects  which  would 
cause  frequency  shifts. 

Low  Temperature  Transducers.  Since  one  has  to 


•17 


tronics  we  will  then  consider  using  the  more  exotic 
low-temperature  transducers  such  as  the  SQUID. 


cool  these  crystals  to  achieve  the  high  Q’s,  one  might 
wish  at  the  same  time  to  use  the  new  transducers  being 
developed  for  use  with  the  gravitational  wave  detectors. 
Some  of  the  most  sensitive  ones  being  proposed  are 
based  upon  the  SQUID  (Superconducting  Quantum  Interfer¬ 
ence  Device).  The  present  state  of  the  art  suggests 
that  one  could  build  a  transductor  amplifier  with  Tg  * 
10“ SK  even  though  there  are  severe  problems  such  as  ira- 
pedence  matching,  which  must  be  overcome.  Putting  this 
value  into  equation  (23)  one  obtains 


Appendix  A  Analysis  of  Circuit  in  Figure  2 

As  an  example  of  the  frequency  fluctuations  which 
occur  in  a  particular  scheme  we  consider  the  one  in 
Figure  2.  The  relationship  between  the  displacement 
Ax  and  the  change  in  thevoltage  AV  is  given  by  equation 

(3) 

av  =  •  <Al> 

We  can  calculate  the  frequency  fluctuation  for 
this  case  directly  from  equation  (6) 


Thus  we  see  that  if  One  could  reach  the  room  temp¬ 
erature  "limit"  of  10~17  given  by  equation  (24),  then 
two  more  orders  of  magnitude  could  be  achieved  by  going 
to  the  more  exotic  transducers  being  developed  for  the 
gravitational  wave  detectors. 


The  Quantum  Limit.  One  can  reasonably  expect  that 
the  low  temperature  transducers  being  developed  for 
the  gravitational  wave  detectors  will  get  better  as^ 
more  work  is  spent  on  them.  Braginsky  and  Giffard^ 
have  also  shown  that  there  is  a  fundamental  limit  Ae 
for  linear  devices  on  the  value  AEe  which  comes  from^ 
the  uncertainty  principle  in  quantum  mechanics 


AEq  >  AE^  s  2fuj 


(26) 


where /fi  is  Planck's  constant.  Let  us  put  this  in  equa¬ 
tion  (9) 


(27) 


Using  the  same  example  as  before 


(28) 


Th?  example  of  the  SQUID,  equation  (25),  is  close  to 
this  limit.  This  is  the  ultimate  limit  for  a  linear 
detector.  However,  Braginsky^  has  proposed  a  "quantum 
non-demolition"  scheme  which  may  not  be  subject  to  this 
limitation. 


Experimental  Plan 

Our  plan  in  to  study  these  large  nearly  perfect 
single  crystals  as  stable  frequency  sources.  One  of  the 
first  experiments  will  be  to  compare  two  of  these  os¬ 
cillators  using  room-temperature  electronics.  The  cir¬ 
cuit  of  Figure  2  is  analyzed  in  the  appendix.  There  we 
show  that  the  Johnson  noise  from  the  resistor  dominates 
with  the  values  presently  being  used.  It  should  be  rel¬ 
atively  easy,  however,  to  reduce  the  Johnson  noise  be¬ 
low  the  limit  of  the  best  FET  amplifiers.  Next  we  want 
to  compare  one  of  these  oscillators  with  one  of  the 
primary  standards,  a  Cs  beam  clock  say.  This  would  al¬ 
low  us  to  study  the  time  dependence  of  effects  within 
the  crystal  that  would  cause  the  crystal  to  change  its 
length  or  to  change  its  elastic  constants  and  hence  its 
frequency.  It  is  these  effects  that  we  expect  may  lim¬ 
it  the  frequency  stability  of  the  crystal.  Other  ef¬ 
fects  would  also  be  studied,  such  as  temperature 
changes  (we  expect  this  to  be  an  easy  problem  since  the 
change  in  frequency  with  temperature  is  small; 

1.8  x  10”loTs  for  the  crystal  described  in 

this  paper .) 

If  we  do  reach  the  limit  of  room- temperature  elec- 
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AV 
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(A.2) 


We  now  assume  that  we  are  uaing  an  amplifier  with  a 
noise  voltage  given  by 

(v2)^  =  (4kT  R  Af)'*'  (A3) 

n  a  a 


where  there  is  a  characteristic  temperature  T  and 
characteristic  resistance  R  describing  the  amplifier. 
If  we  assume  that  we  are  limited  by  this  noise  voltage, 
the^  the  frequency  fluctuation  can  be  expressed  as 
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Next  we  assume  that  we  have  a  very  good  FET  amplifier 
(with  4kT  R  %  10“ 15  volts  Hz-1).  Using  parameters 
that  we  have  discussed  above  we  obtain 
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where  we  have  taken  account  of  the  fact  that  Af  *  ^  * 
This  is  of  the  same  order  of  magnitude  as  was  achieved 
above  (see  equation  23)  but  here  one  sees  how  the  var¬ 
ious  parameters  come  in.  We  mention  again  that  the 
(AkTgRg)^  'v  3  x  10“ 10  volts  Hz  z  value  can  only  be 
achieved  at  a  certain  frequency  and  impedence  and  if 
this  can  not  be  achieved  then  one  will  of  course  do 
worse  than  that  given  by  equation  A5. 


In  order  to  reach  the  limit  given  by  (A5)  one  has 
to  make  sure  that  the  Johnson  noise  from  the  external 
resistor  is  low  enough.  The  noise  voltage  appear¬ 
ing  across  C  in  Figure  2  is 

VR  =  3C  <*kTRAf)*  <A6) 


where  R  and  C  are  the  resistance  and  capacitance  indi¬ 
cated  in  the  measuring  circuit.  This  can  be  expressed 
as 


J^R 


-==  *  1 . 9  x  10' 


^  Hz"*  .  (A7) 


At  room  temperature  and  with  the  parameters  presently 
being  used  this  source  of  noise  would  dominate  that 
from  a  good  FET  preamplifier  (3  x  10*111  volts  H*“T) . 
However,  one  can  reduce  Vg  by  lowering  T  and  increas¬ 
ing  C  and  R  . 
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Figure  1:  Schematic  of  crystal  cylinder  and  liquid 
helium  cryostat. 


Frequency  Fluctuation  of  on  Oscillator  iue  to  Brownian  Motwi 


Figure  4:  Frequency  fluctuation  of  an  oscillator  vs. 
Quality  factor  due  to  Brovnlan  Motion. 
Curves  for  integration  times  of  1  sec.  and 
100  sec.  are  shown. 
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SCHEMATIC  OF  Q  MEASURING  CIRCUIT 


Figure  2:  Schematic  of  electrical  circuit.  A  voltage 
at  one  half  the  cylinder  frequency  excites 
the  cylinder  into  resonance.  The  amplitude 
of  vibration  AX  is  determined  by  measuring 
the  output  VA  -  Vg  of  the  balanced  capaci¬ 
tance  microphone  circuit.  Displacements  of 
X  'v  5  x  10" 11  cm  can  easily  be  measured. 
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Figure  3:  Amplitude  of  vibration  in  first  longitudinal 
mode  of  vibration  vs.  time.  The  value  of 
Q  n,  2  x  10*  corresponding  to  a  relaxation 
time  (1/e)  of  3.1  x  10H  sec  •  8.6  hrs.  was 
measured.  The  oscillation  in  amplitude  is 
caused  by  a  slight  frequency  difference 
(which  is  deliberate)  between  the  local  os¬ 
cillator  and  the  cylinder.  The  frequency  at 
T  -  4.2  K  was  19553.46542  H*. 
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